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ABSTRACT

J

A The current concepts of the :i:imation of fall-
out from land surface nuclear detc.ations have been
reviewed. Thermodynamic equations have heen devel-
oped for a part of the overall ccnd-:satlca process
to account for fractionation of ths radiocactive
species. Empirical functions for «.a of the Tire-
ball parameters heve beer developed irom available
date and assumptions about the utii.zaticn of the
energy released in a nuclear explos...n- These
functions and available Qata on the =no~ Lressure
of fission product elements and compounds (meinly
oxides) agd on the fission yields rrom fission of
U235, U239, and Pu239 were utilizel to compute
decay curves for the unfractiimated nixtures and
for an idealized fallout condition from a surface

nuclear detonation.gm
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SUMMARY

The Problem

The radiological hazard from nuclear detonations arises from
the fact that radicactive materials produced in the explosion become
associated with rather large particles of envirdnmental materials
that Pail back tc earth shortly afterward. The accumulation of
these particles on the earth's surface creates a gamma radiation
hazard because of radiocactive cortent of th2 particles.

The nature, degree, and type of hazard over & prolonged time
period depends upon the radiocactive composition of the particles.
Tt is known that the decay rates of the fission products produced
in weapons tests differs from one shot to another and also. differs
from one location to another for a given shot. It is also known
that, in a nuclear war for waich countermeasures are to be developed
and planned, the materials at likely targets ‘are different from
those at weapons test sites. Therefore to explain the causes of
the different observed radiation decay of fallout and better define
the radiological hazards and countermeasure requirements, & better
understanding of the mechanism(s) of fallout formation is required.

Findings

In this report an attempt is made to describe mathematically some
of the processes of fallout formetion. A general process of fallout
foriation is outlined based on the observed structures and types of
faliout particles produced by nuclear explosions. Thermodynamic
equations are developed to describe some of the possible types of .
condensation that could occur. The conditions of temperatire, pres-
sure, volume, time, and energy utilization for establishing the
boundary conditions of the condensation processes are obtained from
some of the data in The Effects of Nuclear Weaponslh together with
numerous agsumptions in order to make estimates for land surface
detonations. The boundary conditions and thermal date are used Lo
estimate the amount of melted soll present in the fireball when the
temperature has decreased to the soil melting point.

Data on the vapor pressures of the fission product elements and
corpounds (mainly oxides) is summarized. The fission yiclds for slow
and fast fission of U235, U238, and Pu239 are discussed and summarized.
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For some of the fission processes, estimates of the fission yleld were
made 1.0 complete the yield curve for use in computations.

Using an ideal non-reactive soll with a defined melting point
of 1H00°C and which formed ideal dilute solutions with the fission
product (usually as the oxide) elements, computations are made for
a surface land detonation with an estimated yleld cof 2.3 MT and in
which the temperature of 1400°C occurs at €0 sec after detonation.
For this case, it is estimated that 6.3 % of the total energy was
contained in the liquid particles just prior to their solidification
at the melting point.

Calculations are made of the disiuntegration rates, photon emis-
gion rates, photon-energy emission rates, and air-lonization rates
from the unfractionated or normal mixture of gigsion products from
the slow- and fast-neutron fission of U235, UZS3C, and Pu239. fThe
six ionization rate decay curves gave ratios of the r/hr at 1 hr
(at 3 ft above an infinite smooth plane) to KT equivalents per sq
mi that range from 3400 to 3950.

For the idealized detonation conditions in which the computations
assume only one particle size (i.e., that none fall out of the fire-
ball up to 60.sec, and then all the particles leave in solid form),
computations of the disintegration rates and alr-icnization rates for
thermal and figsion-neutron fission of U232, 8 Mev-neutron (broad band)
fission of U238, and Tission-neutron fission of Pu239. In these cases,
the ratios of the r/hr at 1 hr (at 3 ft above an infinite swmooth plane)
to KT equivalents per sq mi are found to range from 1480 to 1560. If
induced activities; instrument response, and terrain roughness factors
are considered, this ratio could be as low as 1000. However; for =&
fractiopated midxture, the ratio has no real meaning. In addition, the
.ratic is net constent, except for a single computation; in & real fall-
out area it will change with particle size and distance frcm shot point.
The report gives some suggestions for further improvements in the theory
" and sugpests possible methods for making more realistic and comprehen-
sive computations. -
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SECTION 1

INTRODUCTION

1.1 OBJECTIVES

The major objectives of this report are to formslize some of
the current concepts of formation of fallout from land-surface
detonations and to develop approximating formulae, by use of
thermodynamics logic and empirical functions, for the purpose of
computing - or estimating - the radioactive decay of such fallout.
Test detonations from which this type of infommation. could be ob-
tained have nct yet been conducted. Another objective was to
develop a procedure for computing decay curves and tc demonstrate
its use by making sanple calculations. .

1.2 SCOPE

The report is divided into seven sections. In this section
(INTRODUCTION}, the general background material is summarized.
Inferences are made from analyses of fallout particles with re-
gard to how they must have been formed, and some definitions of
fractionation are given.

In Section 2, the condensation process in the formation of
fallout is described and equations are derived for several alter-
nate processes.

In Section 3, data on the vapor pressures of the fission
product oxides, elements, and some compounds together with the
oxides of a few other elements are summarized. Some equations
are given to illustraete the use of the data in the computations.




In Section 4, some empirical functions are derived for esti-
mating the amount of energy {rom a land surface nuclear explosion
that is available for vaporizing and/or melting soil particles.

In the development of the material for this section, correlation

of the information given in The Effects of Nuclear Wea.pc‘ns,lIF which
is the only unclassified source available, led to *he finding of a
number of inconsistencies in data and data treatment in that docu-~
ment. However, it is emphasized that the scope of this report does
not include criticizing that document but rather utilizing its con-
tents to establish the approximating formulae necessary for this
“study.

In Section 5, available data on the fission ylelds for several
fissile materials are summarized. Correlation techniques were used
to estimate the yields of mass chains for which data were not available.

In Sections 6 and 7, the computational methods and sample calcu-
lations of the decay curves are described for both unfractionated and
fractionated fission products. The calculations are made for d4iff-
erent fissaile materials. The comparisons given for the fractionated
mixture are based on calculations for a non-reactive soil that formed
an ideal solution with all fission product oxides in the liquid state.
Further study and experimental results will be required before the
calculations can be made for a process that more closely corresponds
tc the real one.

1.3 LIMITATIONS

The many items considered in the general treatment all have a
common limitation: the lack of sufficient available unclassified
date for testing the validity of individusl formula or the completed
computation.

In the text itself, the assumptions and postulates are stated
usually only once in order to minimize undue interruption of the
maein line of the argument and development of the material. Conclu-
sions and comparisons are often stated without definite repeated
reference to the original assumptione. This limitation is given
here as & caution to the reader in the use of the computational
results given in this report.

The computational results were made for illustrative use only
since an idealized chemical system was used. A great deal of addi-
tional work can be done to improve the quantitative aspects of the
theory. This report may be most helpful in identifying the type of
information needed for improving both the conceptual basis for deriv-
ing the mathematics and the quantitative use of the theory.
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1.k BACKGRCUND

In a nuclear detonation employing fissioneble materials sabout
90 fission-product mass chains (Lo elements) are produced. The
high temperatures immedistely following the detonation virtually
assure that all of these elements are immediately vaporized so
that the fallout formetion process 1s one in which these elements
condense from a vapor phase during the cooling of the fireball.
Among the 9C-odd mass-chains produced, with specific fisslon yields
depending on the fissile material and the neutron energy, there are
many atomic species and compounds whose volatilities at high tem-
peratures are very different. Hence, at a glven temperature, the
range of values of the equilibrium partial vapor pressure of the
various species and compounds will be large. A condensation pro-
cess that occurs in a system of a rapidly decreasing high tenmper-
ature can be expected therefore to result in the preferential
condensation of the less volatile elements. This should, in turn,
result in an alteration of the relative ebundance of the fission
product mass chains or radionuclides as found in fallout compared
to the amounts initially produced. Any such alteration, when
observed, is usually called fractionation.

A general description of some of the failout particles found
in local fallcut from surface and tower shots and of how thei co ld
have originated has bheen given by Adams and coworkers.1»2s35%5 55
The essential detalls of this work that have been used in this report
are: (1) condensation of the fission product elements can begin at '
the highest temperature at which a macroscopic liquid phase can
exist in the fireball and this liquid phase will essentially consist
of substances such as iron oxide (tower shots) or aluminum and sili-
con oxides (surface ground shot), and (2) the fission products that
co-condense with or into liquid particles are dissolved-into the
melts and remain there as compounds or in solid solutien when the
particles solidify.

In low tower shots, it appears that the very small drops of
vapor-condensed iron oxide are later dissolved by melted soil par-
ticles to form a glassy iron oxide-silicon oxide solution. Data
on the solubility of fission product e¢lements into dilute acids and
complexing agents, obtained by Fuller8 from the larger particles
from a low tower shot that fell close to ground zero, show that
only a very small fraction of the fission products are soluble.
However, data on the solubility, obtained by Larson’ from smeller
particles collected at greater distances from shot point, give
larger fractions of soluble fission products; his data show also
that radicelements other than just the daughter products of rare
gas nuclides are among the soluble group of elements.
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The essential facts from these data are that some of each of
the fission products condenses into liguid particles and that some
of each condensed onto the surfaces of solidified particles. Also,
the particles that fall in ihe local areas downwind from shot point
(and where the amcunt that falls out is large enough to produce a
significant radiation hazard) are too large to have been produced
by a vapor condensation process. These particles therefore are
formed either from the break-up of a bulk liguid melt or from the
melting of single grains of soil that enter the fireball after it
has cooled to some given temperature.

The general condensation process can therefore be divided into
two time periocds. The first period of the process is characterized
by the presence of gas and liguid phases and the second period by
the existence of gas and solid phases. The first period of conden-
sation ends when the bulk carrier or substrate material of the par-
ticles solidifies. The degree to which the charge of phase of the
carrier affects the continuity of the process and the distribution
of each fTission product element in or on a particle will depend on
the thermo-chemical properties of the interacting materials. Some
fission product elements may condense by sublimation on the surface
of the particle and be readily available for solution upon contact
with water. Others may react with the substrate material and/or
diffuse through the surface of the particle.

One particular aspect of first period of condensation is im-
portant. This is that the fission product vapors condense into
the liquid phase of. the carrier material to forr: a very dilute
solution.

The fraction of each fission product element that condenses
into the liquid carrier particles depends on the melting point of
the carrier and the time after fission at which that temperature
occurs. If the melting point of the carrier is high, ‘the fractions
condensed will be low. If the melting point of the carrier is low,
the fractions condensed will be high. The fraction which had not
condenged into the liquid phase of the carrier can condense on or
regct with the surface of the solid particles. These could consist
of the smaller of the melted particles or of unmelted particles that
~enter the gas volume at later times.

1.5 FACTORS CONTROLLING FRACTIONATION IN FALLOUT
In an overall sense, the amount of each fission product found

in fallout relative to some standard of comparison depends on five
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main factors: (1) the original fission ylelds or relative abundance.
of the fission products, (2) neutron capture by the fission products
themselves, (3) the degree to which each fissicn product condenses
into or onto the carrier particles, (L) neutron emissions in the
decay chain, and (5) the radiochemical standards used to measure the
fractionation.

The relative abundance of each fission product element origin-
ally produced depends on he fissile material used -~ i.e, whether
the material is U235, U239, pu239, or some other element. The fission
chain yields also depend on the energy spectrum of the incident neu-~
trons. In comparison with the fission ylelds from thermal neutrons
on U233, usually taken as the reference standard, the yields of the
elements in the lighter-mass peak for other types of fission in gen~
eral, shift more than do those in the heavier mass peak. With the
hegvier fissile elements, the center of the lighter-mess group moves
toward the higher mass numbers. As the incident neutron energy in-
creases, the yields of the valley elements and those of highest and
lowest mass numbers rise and the neutron yield per fission increases.
The increase in neutron yield per fission tends to spread the two
peaks farther apart and, again, the llghter=mass group is shifted
more than the heavy group.

Neutron capture by the fission product elements would result in
a general shift of the whole yield curve to higher mass numbers. The
"result would be a decrease in the ylelds of the elements with the
smaller mass numbers (left side of the peaks) of both groups, and an
increase in the yields of the elements with the larger mass numbers
of both groups. Relatively little change would result in the yields
of elements in the peaks excepting for those that may have extremely
high capture cross-sections. The subject is not discussed further in
this report because of insufficient data.

Section 2 of this report discusses the role of the condensation
process in fallout formation and in fractionation. This process is
often assumed (and erroneously) to be the only cause of cbserved frac-
tionation in fallout. : :

Neutron emission during the decay process results in a product
nuclide with a mass number one unit less than the parent. This chain
"shift" can be accounted for if the decay scheme is known. However
for many of the short-lived radionuclides there is insufficient data
for its further consideration in this report.

The experimental measure of fractionation is most often given
as an "R" factor or value relative to thermal fission of U235 and
a selected radionuclide. The most commonly selected radionuclide
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for comparison is Mo99. Thus, relative to these staundards, a radio-
chemical assay of a tallout sample that gives an "R" value different
from one does not necessarily mean thet the nuclide in question has,
in fact, been fractionated. Knowledge of the true iniltial fission
vields are required to correct the observed assay data to determine
whether fractionation has, in fact, occurred.
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SECTION 2

THE CONDENSATION PROCESS

2.1 THE FIRST PERIOD OF CONDENSATION

2.1.1 Description of the Formation Process

As is implied by the general description of the formation
process given in Section 1, no single well-defined condensation
time for the fission product mixture can exist. Rather, it is a
continuing process that can be separated into the two more or less
well-defined time periods described above. In the first time period
(during the cooling of the fireball), the major feature of the con-
densation proccss is the existence of vapor-liquid phase equilibria.
This period of condensation ends when the carrier material solidi-
fies, with the fission products being either fixed in a solid solu-
tion matrix or compounded with the carrier material.

The major feature of the second period of condensatlon is the
existence of vapor-solid phase equilibria in which the remaining
fission product elements condense at lower tenperatures on the sur-
face of solid particles. The second period of cordensation never
ceases in an absolute sense, except for those particles which fall
out or otherwise leave the space containing the residual gases.
Actually, the process can reverse for a fission product element
that later decays to & more volatile element; for example, elements
like iodine and the rare gases could sublime as fast as they form
from non-volatile precursors (i.e., at ordinary temperatures) con-
densed on the surface of fallout particles. This process is unlikely
when the fission products are trapped within a glassy matrix, since
the vapor pressures due to the low concentration of dissolved fission
products (ca. 10710 moles/mole) would be extremely low, and diffusion
through the glass solid would be very slow.




The essential problem in the theory for the process during
the first period of condensation is to establish the vapor-liquid
phase equilibria of each {ission product element at the time that
the carrier material solidifies; that is, to determine the fraction
of each element present, condensed, inside the carrier melt when it
solidifies.

When one of two phases in contact is & gas, simple kinetic
theory can be used to show that condensation-vaporization equili-
brium can be established within a small fraction of & second at
temperatures above 1000°K. Thus those gaseous species of each
fission product element_ that do not reoct with the liquid carrier
but dissolve into it should obey Henry's law of dilute solutions.
In fact, the solutions should be sufficiently dilute as to result
in no change in the free energy of the liguid carrier so that the
free energy of each element in the solutlon should be indeperdent
of any other. Therefore, it is possible to consider the solubil-
ity of each element as making a two-component system with the
carrier. Moreover, there should be no appreciable surface loading
(large excess surface concentratwone) during the condensation pro-
cess if the temperature range over which the liguid carrier exilsts
exceeds 200 or 300°C. A concentration gradient in a- particle, how-
ever should exist especially for the larger particles of which some
may not be melted in the center when the air or gas temperature
about the particle falls below the meltlng point of the bulk carrier.

2.1. 2 Condensation Thermodynamics

For the condensation of dn; moles of element j from a gaseous
mixture to a liquid solution, the change in the partisgl molar free
energy, FJ, of the element in the gas is given by

.0 | 6ﬂnfg a® éf_nfg fiT “RT 6£nf° (1
. = +
dF = RT ‘B._PT' . + RT |- 5a . (SN )

T’NJ P,Nj J P,T
and the correspdnding change in its partial molar free energy, Fj, in
the solution is

Q
. éﬂnfj ap (anfj t éﬂ.nIJ
dF 5 = RT —6—— + RT (5 é“] (2)
P T,N; T P,NJ J |p,m
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where P is the total pressure, T is the temperature, N is the mole
fraction of element J in the gas mixture, is its mole fraction
in the liguid, £9 is its fugacity (ideallzei pressure) in the gas
phase and f: is its fugacity in the liquid phase. At moderate and
low total pressures, the fugacity of the element in the gas phase
is given by

. o O.* ,
- _ £5 = N3T) (3)

in which f*'is the fugacity of the gas at the total pressure of the
mixture and therefore

-éﬂnfg
(o]
6“3 Ip,T

1 7 «
== (%)
¥

The fugac1ty of the element in the liquid phase, accordlng to Henry s
law is given by

£y = NJkJV (5)

in which ki is the Henry's law constant at a given temperature and
total pressure; hence .

[/
éﬁ-nij ] 1
z s (6)
SIS B |

In an equilibrium process, the two changes in the partial molar
free energies for the transfer of dn; moles from the gas mixture to
the liquid solution are equal. ¥quating Egs. 1 and 2 and substituting
the appropriate thermodynamic equivalents for the indicated partlal
differentials gives

v 0 7 L
_d -Jd+d£nN°--de-....dT+ o
RT ap RT2 T RT RT? as (7)

in which 7} is the partial molar volume of element j in the gas mix-
ture, 19 i5 its relative partial molar heat content in the gas mix-
ture, Vj is its partial molar volume in the liguid solution, L; is
its relative partial molar heat content in the liquid solution; R is
the molar gas constant, P is total pressure, and T is the temperature
in %K. For dilute solutions, :




L9 - L, =An, (8)

wherelﬁﬂv is the heat of vaporization of the condensing specie of
element j. Actually, AH, is the heat of the reaction for the vapor-
ization of the gas from its form in solution. If it exists as a dif-
ferent compound in solution, the heat of formation of this compound is
included in the value of AH,. For an ideal solution, or one in which
there is no heat of dllution or compound formation, {Hy is the actual
heat of vaporization. Since V9 >>V 5, (Vb/RT)dP (or,élnf /6P) can be
neglected. For an ideal gas, %o can be Teplaced by NJP. Then

J
o]
nf. =0 .
-6—-—,@-——51 =Y—-=; (9)
'(5 © RT P
P Im,N,
J
Substituting Egs. 8Iand-9 into Eg. T and integrating gives
2 . , . _
o .
= _dJ =AH_/RT L.
Ny/y = 5 e HV/ ,_ | - (20)
RT
in which k 1s an 1ntegrat10n constant and where the term kl AHV/
is 1dentifiable via Egs. 3 and 5 (£9 = L35 = pj» the partialYpressure

of element j; anl fY = P) as the Heﬂry s91aw constant. It may be
noted from Ea. 10 that' ‘an increase in P results in a decrease in the
ratio NO/N ‘or an increase in the mole fraction of the minor constitu-
ent J, 1n %he liquid phase relative to its mole fraction in the gas
phase. For early time condensations (high M.P. of caxrler), when the
temperature is high and the gas volume not fully expanded, the total
pressure should be high; thus the effect of the pressure alone would
tend to produce a more complete condensation at shorter times after
detonation. However, the Henry's law constant also is larger at
hicher temperatures so that the two terms in Eq. 10 would decrease
(or increase) simultaneously and the change in the ratio of the two
mole fractions with time (or tempersture) in the expanding ga.e volume
will be less than for just the decrease in temperature.

2.1.3 Effect of Carrier Particle Size on Mole Fraction Ratio

A dependence of the ratio of the mole fractions on the size
of the liquid drop, itself may exist because the dependence of the
total pressure about each drop on drop-size.
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This dependence is given by
RTnp/po = LyM/APd (11)

in which p, is the vapor pressure of the carrier material over the
liquid with a flat surface, p is the pressure over the drop of dia-
meter, d, y is the surface tension of the drop (assumed independent
of T}, M is the molecular weight of the carrier; and P is the density
of the liquid. For AlsC3 at 2050°C and 8i0s at 180090, the value of
y is 690 dynes/cm and 30? dynes/cm, respectively.lO The value of
the ratio, p/pg, for these values of 7 is not very different from
unity for diasmeters larger than a few tenths of a miecron. Hence,
unless the carrier material has a surface tension larger than do
these two oxides by more than two orders of magnitude, the increased
vapor pressure of the carrier material over the larger drops: should
not be enough to result in larger values of Nj. If the surface ten-
sion were extremely large, the fission product elements most likely
to be preferentially condensed on the smaller particles are those
vhose volatilities are the same or lower than that of the carrier
itself. These would co-condense with the volatilized carrier
molecules as soon as the temperature dropped to the carrier boil-
ing point, since at this time the vapor pressure of the carrier
material would be a large fraction of the total pressure. At the
melting point of the carrier, its own vapor pressure would be so
small a fraction of the total pressure that it could not influetice
the mole fraction ratio even if the surface tension were extremely
large.

For particles with a fairly large range in sizes, the mole
fraction, Nj, needs to be precisely defined. Carrier materials such
as silicate soils containing metal oxides are refractory materials
with low heat conductance. -As mentioned above, a particle need not

“be completely melted throughout its volume .in order to condense
gaseous molecules. Only a liquid layer of film on its exterior is
required for the process. Also, since the time spent in the liquid

. state is short, the condensates may not diffuse more than a short
- distance from the surface of the particle before it solidifies.

Thus for particles of a given temperature history, a maximum size.

particle should exist that is completely melted before it resolidi-
fies. Elements or nuclides that condense first (less volatile than
the carrier) should penetrate somewhat farther Into the completely
melted particles than those that are more volatile and condense
more rapidly just before the particle solidifies if the penetration
depended only on diffusion.

The penetration of the condensates into the liquid drop and
its rate of distribution throughout the volume would be more rapid
if caused by turbulence and convection - especially in the peripheral
regions of the liquid particles. The general uniformity of the

11




radiocactive concentration in the silicate fallout particles indicate
a process of distribution other than by diffusicn. The resultant
process appears to be one in which the condensates are deposited to
a given depth from the surface of the very largest particles and in
a more or less uniform concentration throughout the medium-size and
smaller particles. The more volatile elements may form solutions
with the larger surface concentration excesses if they are conden-
sing in large amounts Jjust as the particles are solidifying.

IT the average depth of the surface layer is designated as
h and is assumed to be the same for all particles, then the number
of moles of carrier per particle (spherical) that was involved in
forming the dilute solution (i.e. was melted during the Tormation
process) is given by

n(l,p) = ﬂfh [d(d-—2h) + (h/'3)112] , 4>2h (12)

in which n(f,p) is the number of moles of the carrier (that was melted)
in the surface layer of the particle.

Tor dilute solutions, the mole fraction is
Ny = nj(p)/n(ﬁ;p) (13)

in which n.(p) is the number of moles of element j in the particle;
the latter is then given by

nj(p) = §y 7_?1—013 [d(d-eh) + (h/3)h2] , 4>2h (14)

If nQ(p)_is taken as the total nurber of moles of the carrier in the
particle, then

n,(p)/ng(p) = 6.00 Njh [d(d‘zh()i; (4/3)07 , d=2hn (15)

NJ-,

n,(p)/n,(p) a<en - 6)

The mole fraction in Eq. 16 is for the particles that were completely
melted. The ratio; n.(p)/n (p)Nj, for Egs. 15 and 16 is shown in
Fig. 1 for several vaiues o? h. "If the value of Nj for each fission
product is the same for all sizes via Eq. 10 and discussion of Eg. 11,

12




SSoUNOTYL LefeT 99BIang ay3 JO _SanTBA [BISASSG

JOJ 921G @Torraed UITM nﬁ\ _wm.wvoc\hﬂvmnu JO UOTIBTIBA T "BT4
(") P *MIINYIT IDILMVd
000001 00001 000t o
A 7[_ Z/ % * “ !
| !
_, 4 j / , “ _ |
il N ik
T [ . i
_ il N / /” ] ) i
| N SN L .,
(I TN T Ll f ,
, [ AN ; T
i 1 ~ < —
| _ T _ V// i T /7 T
“ _ | ‘ ,
| L | 1N\ _ |
| / | |
! ! T
“ | N m
_ N
! RN )
! [ ] I ] N
| 1 [ | " TR
- . [ ! ! TNy
T ] 1 . I
N | | ] 1 1 : [
” T N i . ] =T T ! =T — i - =
, g7y /L mO0Sy ' 1 1 ToOlsy  Togsy | | 7ol
,, P! i |l P S |
4 1 : SENE AN I _
. [ B ! { v i
ﬁ ) RN
| . ! oo B S
B + r T
| “ |
; s J | ] )
I A 7 _
— I [ 1 | !
[ | I C [ 1

10'0

L'o

Q
N

[

ool

NOILVHINIONOD 31NTOS JALLYIIY

tanusd)fu

13




then the gross average concentration of fission products per unit
mass of particles should be a multiple of a curve similar to those
in Fig. 1 for some value of h. The value of h could be determined
from an experimentally determined curve by extending the straight
line portions of the curve with logarithmic slopes of O and -1 to
their intercept at a size, pi, which is 6 times the value of h.

The case for a non-uniform concentration in the surface layer
or throughout the particle was not treated for presentation in this
report. Its consideration requires estimates of the gaseous diffu-
sion rates for condensation at the particle surface as well as esti-
mates of subsequent mixing rates of the condensates in the liguid
layer of the particle. Such estimates may be required for a more
complete treatment of the condensation process.

There are two additional factors that could have some bearing
on the relative amount of an element condensing into the liguid par-
ticles. The larger particles may either fall out of the gaseous
volume before they solidify or may be melted only on one side (not
sufficiently melted to form a spherical particle). Both of these
two groups of particles would condense smaller amounts of all ele-
ments per particle than would be estimated from liq. 15 and also
would be most deficient in the more volatile elements.

The origins of the melted particles in the fireball may be
several in number. The small vapor-condensed particles originating
from vaporized soil have been mentioned. Some of the fallout par-
ticles are particles that were originally lying on the ground out
to some distance from shot point. Some of these probably are melted
by the heat absorbed from the radiant energy emitted at detonation.
These particles are then drawn into the fireball as it rises. This
mechanism probably is the dominant one for low air bursts where a
small crater is formed. In this case the size distribution of the
fallout particles that are produced should be the same as the original
size distribution of the surface soil. In the detonation, the blast
wave would powder the soil to some depth and the resulting dust par-
ticles, like the surface-melted particles, would retain their sizes
in the formation process. However, these particles would not be
melted until after they enter the fireball.

For surface detonations, a layer of soil may be melted in the
process of crater Tormation. It would seem reasonable that a liquid
layer of soil would intervene between the vapor in the fireball and
a layer of shock-powdered earth as long as the fireball remained in
contact with the earth's surface. If enough "fluxing" material such
as the carbonates are present, a rather large amount of fluid material
could be formed. As the Tireball 1lifts, the liquid would break up

1




into drops and enter the fireball, followed by the powdered soil.
The mechanical break-up of the fluid mass should produce shout
the same size distribution of particles from liquids that have
about the same surface tension. If most of the fallout particles
originate from. the bulk liquid layer, then the particle size dis-
tributions in the fireball from detonations on different soils
would be more nearly alike than if most of them originate from
the surface soils and the shock-powdered dust from the crater.

There is no unique method, then, of selecting a size distri-
bution for the liquid particles present in the fireball up to the
time they solidify. But since Egs. 12 through 16 will not lead to
a variation in the relative amount condensed in the particles for
different elements because of size, 1t is convenient to consider
all the melted particles as one bulk ligquid phase in a volume of
space and designate the distribution in general terms only as

i=m

n([—) = TJini(ﬂ)P) (17)
&

where n(f) is the total moles of liquid carrier in the volume V at
-any time, J; is the number of particles of size i, and ni(f,p) is

the same as n(£,p) for the size i. With Eq. 17, the mole fraction
of element j in the liquid phase is

Nj = ny/n(€) ' (18)

where n. isthe number of moles of element j dissolved in +the n([)
moles oﬁ liquid carrier. The mole fraction of element j in the
vapor phase is given by

Ng = ng/n (19)

where n° is the number of moles of element J mixed with n moles of
vapor. "I the perfect gas law is used for n, Eq. 19 becomes

o TRT
Ny = L (20)
Substitution of Egs. 18 and 20 into Eq. 10 gives
o nsk:
W, = <
i T )T (21)




where k. is the Henry's law constant. It may be noted that the ratio,
no/nj,depends on ki, T, and the number of moles of liquid carrier per
it volume in the fireball. Since the mole fractions are small, the
n°/n ratio is independent of the total amount of the element present.
Thus“the seme fraction of the element is condensed for a 100 % fission
weapon as for a "clean" thermonuclear weapon of the same total yield.
The value of n(f)/V depends only on the total yield (see Section L).

2.1.k The Material Balance and "R" Factor Equations

Bince the elements considered are radioactive, the number of
moles of each is constantly changing; therefore the material balance
of a given element also changes with time. On the other hand, the
fission yieid of a given mass chain (except for neutron emitters) is
constant. If the amount of a radionuclide of elecment j and wass
number A present at the time, t, after fission is given by yjA(t),
then the total amount of element j present at time t is

Yj(t) =2‘A yjA(t) atoms or moles (22)

The corresponding sum for the chain yield of mass number A is

2:_ yJA(t) atoms or moles (23)
dJ :

1]

Yp

in which Y, is constant except for the mass chains containing neutron
emitters. ~The material balance for element j between gas and liguid
phases is

¥4(t) = n3(t) + ny(t) (24)

where the time dependence of n% and n. of Eq. 21 is indicated. If

n?, and n., are taken for the émounts of each nuclide in the gas and

A A
liquid phgses, respectively, the material balance for each element is

Za Y3 (8 =L, n5a(6) + 2 np() (25)

If k9 is used for k-/[(n(z)/V)RT], substitution of Eq. 21 in Egq. 25
(Eg.”21 holds for all nuclides of element j) gives

16




Lonog

Ea v3alt) = (1469) Z, nyy (£) | (26)

and since (1+kQ) is the multiplier for each of the n.,(t) terms, the

A
terms for each"nuclide can be separated out. The seﬂarated terns
give the amount of each nuclide condensed, which is
¥ (t)
n. t)=_.s]~___. 27
JA( l+k? (27)

The fraction of the mass chain coundensed, rO(A,t), is defined by

ro(Ast) = Tll; Zj nsa(t) (23)

Substitution of Eq. 27 and replacing the yjA(t)/YA ratios by y;(A,t)
in Eq. 28 gives

I'O(A.vt) =Z yJ(A’t) (29)

J 1+k©
J

in which yj(A,t) is the fraction of the chain yield of element j
with mass number A. According to ¥Egq. 29, the fraction of the chain
condensed in the liquid phase depends only on k? and the fractions
of the chain yield of the elements present. The use of Eq. 29
therefore requires values of the independent yields of each member
element of the chain at times from a few seconds after fission, or,
at least for the time of the end of the first veriod of condensation.

The experimental radiocheriical "R" factor for a given sample
or gquantity of mixed fission products is usually defined as the ratio
of the number of atoms of a given mass present to the number of atoms
of mass number 99 present, divided by the expected value of their
ratio for thernal neutron fission of U237, TIn mathematical notation,
this is

= n(A
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Ordinarily, count-rate ratios are used along with the appropriate
decay corrections from the time of analysis to zero time with a
corresponding value of KO(A) that has been previously determined
from an analysis of a sample of U235 bombarded with thermal neu-
trons. For analyses made more than several days after fission,

only the last or last two members of a decay chain of most mass
numbers will be present in appreciable amount. Since, as mentioned
in the introduction, the gbserved "R" factors give an overall meas-
ure of variation from U thermal fission, another factor is needed
to account only for that part due to the [first period of the conden-
sation process. For this, let

r(a) = 0l - (31)

in which K(A) is the true yield ratio, Y,/Yyg, of mass number A to
99, which varies with the kind of fissioning nuclide and incident
neutron spectrum (the same definition holds if some mass number
other than 99 is selected as the reference nuclide). The value of
the ratio, n(A)/n(99), should be the same as the ratio of the sum
nver j of the respective njA(t) terms. HMaking the substitution in
Egq. 31 gives :

r(A) = Z:JnjA(t) (32)
or, with Eq. 27,
N o
i) = o T (OT) (3)
KA) 2 joo(£)/(1459)
and Tinally, replacing K(A) with YA/Y99, gives
) = EJ. Y3 (h,t)/(1+KkS) (34)

Z,j y‘j(99:t)/(l+kg)




Thus rgA) is equal to rO(A,t)/rO(99,t) of the tieory and equal to
K (AR 9(A)/K(A) for experimentally determined "R" factors.

2.1.5 Condensation by Compound Formation With Carrier Material

Compound formation of an element with the carrier in the gas
phase, followed by condensation of the heavier gas molecule into a
liquid solution with the melted carrier material, would be described
by use of Henry's law for the dilute solution. However when the com-
pound is Formed with the (bulk) liquid carrier, then the free energy
of formation of the compound and its vaporization and that of the
carrier is involved. The overall reaction for a direct combination
of fission product element A with carrier material B to form the
compound AB may be written as follows:

A(g) + B(L) > AB(L), dilute solution in B(4L) (35)

This reaction may be written as a sum of three or four separ-
ate reactions depending on whether the combination of A and B occurs
as A condenses or with B in the wvapor phase prior %o condensation.
There should be no difference in the two processes with regard to
the total change in free energy between the same initial and final
states. The difference, if any, would be in the kinetics of the
process. In the first process, the separate reactions and the stand-
ard free energy changes are: '

1. A(g) = A(L) (36a)
NFS = BT fo p, ‘ (36v)
2. A{L) + B(L)— AB(L) ' (37a)
AFy = - dn K\p (37v)

where Kyp is the equilibrium constant for the formation of AB(L) from
A(L) and B(L) at the temperature, T.

3. AB(L)—34aB(L), dilute solution in B(L) (38a)

AFg = Rt lna, (36p)




vwhere a,p 1s the thermodynamic activity of AB(L) in B(Z) and is
equal to NAB kpp if Npp is the mole fraction and kyp is the Henry's
law constent. The sum of the standard free energy changes for the
three reactions, or, the free energy of the reaction given by EqQ.
35, is

AFO = RTzn PA (39)

NAB kAB KAB

In the second process, the separate reactions and the standard
free energy changes are:

1. A(g) + B(g) = AB(g) (h0e)
AFi = -RT n zﬁa (kov)
2, B3({)—3(g) (4la)
AFO = -RT £n pg (41p)
3. AB(g)— AB(L) (428)
AF® = rr fn Pap (k2p)
L. AB(f)-- AB(L), dilute solution in B({) (43a)
AF° = -Rr dn Nyp Ky (43b)

The sum of the standard free energy changes for these reactions is

Ar° = rr fn Tv"?'é'f"' (L)
AB “AB

The free encergy changes given by Eqs. 39 and 4 would be equal
if pp/Nap Kap of Eq. 39 is equal to py/Npp of Eq. bl or if Kp is
unity. If the perfect gas law is used to estimate the number of moles
of A, ny, in the gas volume from pjy in Egs. 39 or 4L and replacing Nap
by npp n(f), the two equations become

20




AFC/RT

- A Kap Kpp @ (n
R T (+3)
and
* AFC/RT
= Pa Kap € (16)

S T A DN

o o
respectively.  Replacing either kyp Kpg GZSF /RT(EQ-h5) or kap eZiF /R
(BEq. 46) vy kXB reduces the two equations to the same form as Eq. 21.
The same summation formulae following Eq. 21 for the material balances
would therefore apply except that the standard free energy functions,
if available, could he used to calculate the free energy change for
the reaction given by Bg. 35 or for those of the various separate
reactions.

The reaction desciibed by Eq. 35 did not include any reaction
between the atmospheric oxygen and the element A in the condensation
process. Of course, even in the presence of oxygen many of the fis-
sion product oxides are partially or completely dissociated in the
vapor phase. For those that are completely dissociated at the tem-
peratures wheres the carrier material exists as a liquid, the reaction
described by Eq. 35 is spplicable. Also, if the oxides are completely
assoclated, A(g) may be taken to represent the oxide molecule, and
the reaction of Eq. 35 can be applied. However, for the elements in
which the oxide molecule is partially dissociated in the vapor state
and associates further with oxygen in the condensed state, the oxygen
partial pressure will influence the relative amounts of the element in
each state.

The overall reasction for this condensation process is
Ag) + x0p(g) + B(L)—A0,, B(£), ailute solution in B({)  (47)

in which x is the number of oxygen molecules that combine with each
atom of element A. Separate reactions for this overall reaction can
be set up in the same way as for Eq. 35. For the reaction of Eq. 47T
to be different from Eq. 35 (or competing with it), the gas atoms of
A and Oy must be in equilibrium with the oxide of element A in the
vapor state. The oxide molecules then either react with B(l) as
they condense or react with B(g) in the vapor and then the larger
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molecules condense to form the dilute solution. 1In the first pro-
cess, the separate reactions and the standard free energy c_hanges
are:

1. A(g) + x0o(g)—> A0s,(g) ’ (48a)
AF°® = rr fn pAO/pApg (48b)
2. 405, (&) —> A0, (L) (L49a)
/\F° = BT In p,, (49b)
3. AOp,(£) + B(L)—> A0, B(L) (50e)
AF° = - fn K, o (50p)

where KAO is the equilibrium constant for the formation of Aoax B([)
from the %wo liquid compounds at the temperature, T.

L. AO,, B(£L) —» A0, B(L), dilute solution in B(Z) (51a)

o]
AF° = BT £n Ny Ky 0p (51b)

The sum of these reactions and standard free energy changes
give, for Eq. 47,

X
/\F® = RT {n AP0

2
NaoB Eaop Kaop (52)

In the second process, the separate reactions and standard
free energy changes are:

1. A(g) + x0p(g)— 20, () (53a)

AFO = 'R' ! ln PAO/PAPS (bBb)
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2. A0, (g) + B(g)—A0y, B(g) (5ha)

AF® = -RT £n pyop/ppoPy (5kb)

3. (1) —¥B(e) (558)
AF® = Rt £n py (550)

b, A0, B(g)- AOp, B(L) (56e)
' AF® = RT n pyp © (56p)

5. AOpy B(£)— A0, B(£), dilute solution in B({) (57a)
AF® = -RT Ln Nyop kyop (5T0)

The sum of the five standard free energy changes for Eq. LT is

AF® = Rr fn AP0 (58)
Nios ¥aon '

Equations 52 and 58, when solved for n, by use of the perfect gas law
give

AF®/RT
n k K e '
n, = -AOB *A0B “AOB (59)
(n(£)/V) RT 55

ana
AFC/RT
- DaoB ka0 & -

(n(£)/v) BT g

5
!

respectively. The values of ny in Egs. 59 and 60 are sensitive to
the oxygen partial pressure. If pn is greater than 1 atmosphere;
the value of n; will be decreased ?most with largest x value) and
the amount of element A condensed is increased. If p, 1s less than
1 atmosphere, the value of np will be increased (most with largest
x value) and the amount of element A condensed is decreased. If
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pg is incorporeted into the k? in the same way as was done for the
factors of Egs. 45 and 46, then Egs. 59 and 60 can alse be reduced
to the same form as Eq. 21 for material balance and other general
summation formulae.

RBquations 35 to 60 are perhaps more rigorous in the definition
of the condensation process than those of Sections 2.2 and 2.3 that
describe the process only in terms of Henry's law. In a real case,
the carrier materisl is not an inert substence but capable of forming
compounds with many of the fission product elements. Also, the above
eguations will be applicable for elements that react with the carrier
in the solid state (see Section 2.6); for these, the notations only
need be changed from (£) to (8) to refer to the solid rather than
the liquid state.

2.2 THE SECOND PERIOD OF CONDENSATION

2.2.1 Description of the Formation Process

In the second period of condensation, the carrier material is
-in the solid state and the condensation of the remaining radicslements
can only occur on the surface of the carrler particles. The latter
can consist of unmelted particles and the smaller particles that had
been melted but have not fallen out of the cooling fireball. Although
this period of condensation may continue indefinitely with the exchange
of rare gas elements that are formed by decay or that decay into alk-
ali metal daughter elements, it should be essentlally complete with
regpect to most of the radiocactive elements between 5 and T minutes
after detonation. For a given group of particles, it should be com-~
plete when they fall away from the volume containing the radioactive
gases.”

Of the elements that condense, or adsorb, on the surface of
the larger particles, some consist of decasy products of the more
volatile elements {present at the end of the first period of conden-
sation) and would tend to be soluble in rain water and salt solutions.
Others, consisting of the more reactive elements, may form compounds
with the so0lid carrier and even diffuse into the interior of the par-
ticles. In elther case, the elements condensing during this period
would be more avallable for solution than those condensed into the
liquid phase.

Since a surface condensation is indicated for this process,
the effective specific activity (i.e. activity/gram) carried by
various particle sizes should be inversely proportionszl to the
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particle "diameter". In a sample of fallout containing particles
from both types of condensates, the measured specific activity would
not correspond tc any of the curves of Fig. 1; the flat portion of
the curve(s) indicated for the smaller particles would instead show
an increase in the value of nj(p)/N (l:P) as the particle diameter
decreased. . :

2.2.,2 Condensation Mathemstics

The mathematical equations for describing the processes that
can occur in this period of condensation have not been fully developed.
Completion of the current work by G.E. Adamsll should aid the treat-
ment. However, tentative treatment of two rather simplified types
of interactions allow approximate formulse to be given. For the
less volatile elements and a large amount of available surface, the
simplified- form of Langmuir's adsorption isotherm (low partial pres-
sures) is given, in the terms used previously, by

n} = aj(s')n0 . : | (61)

in which n! is the amount of element adsorbed; a.(s) is a constant
including %he surface aresa, and n? is proportionfii to the Dartial
pressure of the element j, The value of the constant, a (s), would
presumably depend on the kind of gas molecule that is adsorbed. If

is t6 be the same as that given by Eg. 21 for the amount of ele-
mgnt J remaining at the end of the first period of condensation,.
then the adsorption reaction described by Eq. 61 must occur within
a very short time. Otherwise its value must be adjusted to account
for decay. This adjustment would not be ‘required if all the ele-
ments in the chain are adsorbed and remain so. For a short-time
condensation, ng may be replaced by k%n, and the "R" factor for
this condensation process can be written &s.

Z aj(s) k3 v(a,8)/(14x3)

r'(A) = (62)
33(5) kJ YJ(99:"5)/ l+k°) .
If aj(s) is the Baﬁe>for all elements, Eq. 62 reduces to
L; ¥ yy(A,t)/(1x
o) = 23 B vya,)/( 3) (63)

Ly yyl09,)/(1) -
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Although the sum of the numerators and denominators in Eqs. 34 and
63 will both be equal to 1, the sum of r(A) and r'(A) will not equal
1 (unless one 1§ zero).

Another, and probably more realistic, process is to consider
the adsorption coendensation as one in which the relative amount of
each element condensed is related to its sublimation pressure (as if
the solid carrier would act as pure compound of each of the condens~
ing species). The computational values from such a process will
reflect the relative volatility of constituent molecules at all
temperatures at which this kind of condensation can occur. If an
excess of solid surface ares is present, the amount condensed by
the process (assuming it to be reversible) at any time after solid-
ification of the carrier is given by

= ng - nj” - o (64)

in which n! is the amount of element } condensed on the surface of
the selid ﬂarticles, nS 1s the smount of the element that had not
condensed in the liquid carrier; and nS° is the amount in the vapor
phase.  All three quantities depend on the time after solidification
because of decay. ¥or a perfect gas

00 _ PyV ’ . : :
ny ﬁ%—f, _ , (65)

in which V is the volume containing the n3° moles of the gaseous
species and pg is the sublimation pressuré and is given by - -

_ Pg _ oASg/R - AHg/RT ()

in which ZSSS is the entropy of sublimatien and AH, is the heat of

sublimation at the temperature, T. L If uniform mixing in the fireball

volume is assumed for the particles and gaseous species, then V is

the fireball volume. The material balance for element j (all time-

dependent) is : ' o
. i " ' [ B

1y = nj.+'n5~+ n§°' - (67)

so that, Eq. 6, with Egs. 21, 65, and 67, becomes
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44 Vp8 _
LI |
nJ 1+ kj - ﬁ—'fi (68)
or
ko
' - J _v s

Separating out the equal terms for each nuclide gives

o 8 .
' = k9aa - V.PJA_ (70)
S RT ,

The "R" factor for this process is now

L5 v3(Am8/(1453) - (V/RDT 5 55 (A,t)

r'(A) = .
> 3 93(99,0)65/(145) = (V/RT) ),y 05(99,)

(71)

in which p3(A,t) is equal to p3p/Y, &nd Y, is the totel chain yield.
For elements with very low sublimation pressures; Eq. Tl reduces t¢
Eq. 63. For chains with very volatile elements, r'(A) could approach
Zero. L

2.3 SUMMARY OF FALLOUT PARTICLE FORMATION PROCESS

A general description of the over-all fallout particle formation
process, from the foregoing treatment, is as follows. The larger

. particles that fall out of the fireball earliest and land near ground

zero should contaln radioelements that were condensed during the lig-
uid phase and very little, if any, radioelements that wére condensed
during the second period of condensation. The smaller particles that
enter late and stay in the rising fireball and cloud for longer times
should carry redioelements that were condensed on their surfaces.

The smallest of these particles would make up the world-wide fallout

a7




and the others are deposited at large distances from ground zero.*
The intermediate size particles that deposit at intermediate dis-
tances from ground zero should contaln radioelements that were
‘condensed during both periods of condensatlion. It is reasonable

to assume that individual particles at these locations could con-
tain condensates from either or both types of condensation. 1In a
radiochemical determination of an "R" factor for a given mass chain
from a gross sample of the fallout in which & given fraction of a
mass chain had condensed during the first period of condensatien
and the remainder during the second period, the expected "R" factor
would be given by

o a0 v <Zy )
R(a) = ﬁTK)'Ifl—x)EZJn399 + Xl njA] | o (72)

in vhich x is the fraction of element J condensed during the second
period of condensation. Substitution of the appropriate equalities
in Eg. 72 glves

. 'Ej y3(4,t)/ (24k7) _~X[Xj y3(8,8)(1-k3)/ (1415
) EJ.,”'J(99”°)/(1+jk§) - x[ 5 75(99,) (2-k3)/ (145

+ (V/RT) §.y p5(a,t)]
+ (V/RT) T, 23(99,%)]

The»variation of x from O to 1 corresponds respectively to the close-
in and world-wide (or far distant) fallout compositions discussed
abaove. ‘

In all the condensation processes, no varistion of fractionation
with particle size (for cizes larger than a few tenths of a micron)
was indicated. Any variation in the amounts condensed to give a vari-
ation in fractionation with particle size would be caused by a com-
bingtion of time of particle fall from the gas volume and the value
of x. It is possible that some amount of the larger particles would

fall out of the gas volume or move through it like projectiles at

¥The present world-wide fallout from air, seawater, tower, and sur-
face bursts also contalns & large fraction of vepor-condensed par-
ticles with the activity more or less uniformly distributed through
their volumes.
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temperatures (and times) between the boiling and melting point of
the carrier. The description of this computationslly as a continu-
ous process via Eq. T3, for example, woculd be to initlate the cal-
culations for the phase of condensation at the boiling point of the
carrier (with x = O until the melting point is reached) and continue
the process up to the time of 6 or 7 minutes after detonation. Such
a process should give, in relative terms, the oversll varistion of
fractionation with size and downwind distance from ground zero.
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SECTION 3

THE VAPOR PRESSURE OF SOME OXIDES, COMPOUNDS, AND
ELEMENTS OF FISSION PRODUCTS AND OTHER SUBSTANCES

If the Henry's law constants for all the radionuclides and a
silicate soil material (as the carrier) were known, the condensation
and/or fractionation "R" factors of Section 2 could be calculated,
also provided some estimate of the term (n{f2)/V)RT could be made.
The necessary data has not yet been measured. Estimates of the
Henry's law constants can be made, however, if appropriate proper-
ties are assumed for the carrier material and the gaseous fission
productsq For such calculations, presented in Sections 4 and 7,
the following properties were stipulated: (1) the gaseous species
of each fission product element (with a few exceptions) was the
same as that in equilibrium with its own liquid (or solid) oxide
in the presence of oxygen; (2) the liquid mixture formed a perfect
(1deal) solution; (3) the carrier material was non-reactive so that
no compound formation wes involved (alternately, if a compound was
formed its vapor pressure was the same as the ox1de), and (%) the
melting point of the carrier was taken -to be 1400°C.

For the formation cf one mole of gas from either the liguid

(vaporlzatlon) or solid (sublimation), the stdndard free energy is
given by

Ar°-=Ag® - 1Ag® Y
in whichARC is the dlfference in heat content of the gas and the
liquid or solid, and AS° is the change in entropy. Also,

Ar® = -rrlok = -RTAup | " (75)
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in which p is the vapor pressure of the ges in contact with the liquid
or 8olid and K is the equilibrium constant for the vapeorization or
sublimation process. Coubining Egs. 57 and 58 gives

logp=-F+3 (76)
in which
Ry (1)
and | .
p- QA5 (78)

The notation Ay, By will be used for vaporization and Ag, By for sub-
limation. In general, beth AHC and As® vary with temperature so
that A and B are not actuelly constants. They were considered con-
stant here however and evaluated from the data at the boiling point
(p = 1 atmos) and the temperature at which the total vapor pressure
is 103 atmos. For the oxides that decompose on vaperization or
sublimation, the constants were then adjusted to a constant oxygen
pressure of 1 atmos. For example, sodium oxide decomposes to Na(g)
and O5(g) as follows: : '

2 Nag0 == kNa(g) + Op(e) | (79)
For this reaction, N B _ :
p = p(Ne) + p(0g) | (80¥
and ‘ , |
p(va) = hp(0y) L (&
80 £hat | _- | |
p = 5p(0p) IR - (82)
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Also,

X = p*(Na) p(0p) = po(1) (83)

where p; is the sodium vapor pressure when the oxygen pressure is 1
atmosphere. Combining the above equations gives

log p; = log b - (5/4) log 5 + (5/4) log p (8u)

o]
-3

log py = - 0.272 - 1.258"/0 + 1.258" . (85)

For oxygen pressures other then 1 atmos., p(Na) cen be determined

from the ratio pl/pl/h(OQ). The constants. for Egs. 76, via equations
similar to Eq. 85, and the various vaporization and sublimation reac-
tions and melting points for the oxides or:other assumed gaseocus ‘
species are summarized in Teble 1. Some values of the entropies of
vaporization and sublimation and even of the melting .points gnd boil~
ing points were obtained from correlations or were otherwise estimgted.

Most of the data, however, should give values fairly close to the true -

prassures between 103 and 1 atmos., as well as for pressure of sev-
eral atmespheres for temperatures higher than the boiling points.

For most mass chains in the condensation process, this range of vapor
pressure is the most critical one if the melting point of the carrier
material falls within the corrssponding temperature range. If the
vapor pressure of the element or its oxide is either very low or
very high at the carrier meliing point temperature, the fraction con-
densed will be essentially one or zero, respectively; the exact value
of the pressure is then not required.

For a perfect solution,rihe relation between the vapor pressure
of the solute and its mole fraction is given by Racult's law which,
in terms of the notation given here, is

where p,.is the vapor pressure of the pure compound and, for a per-
fect solution, is the same as ks for Henry's law. No estimate can

be given for the magnitude of the deviations that might be expected
from perfect solutlion behavior in the dilute solutions at high ten-
peratures in the silicate systems of all of the fission product
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TABLE 1

Napor Pressure Data for the Oxides of Fisaion Products and Other Elements
Constants for log p) = (Afr) + B

Oxide Reaction M.P.
. (%) Ay By Ay By Py
N0  AO—I () + 0,(g) 1193 14,320 615 1600  8.21 2/
R0 5)* 12,600 6.93 lh:ooo 8.38 n/r o)
Kbz 855 13,190 7.91 1%, uko 9.2
Cag0 6 11,250 T.23 12,360 8.68
Hgo %0 — MO(g) 3075 21,830 6.51 090 8.87
Ca0 2850 21,750 6.51 31,520 8.87 i
810 210 20,450 5.8 26,80 8.20
Ba0 2136 20,980 6.9 26180  9.35
cdo Mo 2M(g) + Oz(g) 41750°  16,ké0 8.98 19,110  10.50 172,
Feo . 1644 31,980 8.98 24,500  19.50 nfe o)
Feyly  My0p -y 3M(g) + 20y 1870 &,350 R 96,35 8.8 2/0%/30y,)
¥a03 24052 WMo(a) + 0ple) 2600 40, 500 8.61 56,800  15.33 1/4
u233 N 2590 39,700 gB.sl 50:1400 1§.33 w/ptfioe)
Proty - (2hoo 3,900 8.61 48,600 (15.33
Ndal3 (2360 38,500 (.61 48,300 15.33
Froy - (2300 500  (8.61) W70 (15.33
AlpO3.  Mp05—¥Mp0(g) + Oo{g) 2 8, 800 1h.858 R .
Gv-z‘?g 30 Oeke) i’}"% ;11,300 {15.87) ;?,g 'gi?e?\ pl/p(ue)
Ing03 1560 koo (16.87) .80 {21.25
Asy05 D03 bo(e) + 0p(a), 588 8,700 8.6 - .
T >1400°k
Asgls B o My04 (g} 588 3,670 5.01 5,400 7.96 p
Sbx03  2M04 - Wo(g) + Op(s), '
T 52000 928 16,00 8.61 - -
Sbyl3 03 —»My04(g) 928 9,270 5.01 11,500 7.96
Cu H-M{g)} 1356 2, boo 9.45 - - py
Pd 1023 19,600 5.70 20,670 6.29
re 1234 13,340 5.4b - -
210 Mo 3 Mo (&) 2960 2,360 6.3 36,90 8.28
ey (3000} 29,500 (6.77 3P0 (8,13
voz . 2680 26,500 &.171) 30,70 53.33
U303 U308 + 0n(8)—) (24s0) 11,030 - 3.55 19,600 705 pye'/5(0,)
Gi03(g) -
810y 2M0p—r 20(g) + Ople) (20%0) 39,0 12,55 39,700  12.79 1/2
Gedy 13% 20,900 11.89 270 1315 Pl iog)
$n0g 1898 26,750 141, 29,23 13.2
RuOy M+ 0o(g) —yM0o(g) 2700 5,330 0.52 6,670 1.02
RbO, ) 10: 300 0.4y 11,670 0.95 Py2(02)
Ru M= M) . 700 2 . N .
Rh . 527!«:: ;{‘:% Z?% ;3,1% 383 ke

‘Seta  M0p--»2M0(g) + Ople), 613 13,060 127k 1,09 W2 p/pl/¥o,)

T ) 1%X°K
Se0,  HOx—3MO(g) "oa3 3,970 618 bEm B3 p
TeGy  2M0p—3y2M0(g) 3 Op(g), W06 18,500 .35 19,850  12.68 .p/y1/2(02)
31800% i W .
Tel, W0 — Koo (&) 1006 11,300 1.3 12,000 8.07 p
W05 Hy05 — MpOs(g) 1785 22,300 6.75 27,700 9.77
M0y O3 M0glslrc1sTs 1068 1,620 5.6 1T 1.8
HeOy  WOg3H04(3) 1068 10,200 6.66 13,5  9.T3
Tepy Mg oaMOi(e) 392 35707 6.2~ 7,205 i5.d0
NaBr X M () 1028 8,830 5.30 - -
Hal 92k 8,800 - 5,58 - -
Kr X—x(g) ) 485 L.ok .
Xe . 59k k.00 - -

a. Values in parentheses are estimated values.
©. d for decomposition point.

Bibliegraphy for Table 1:

1so Brewer, The Thersodynamic Properties of the Oxides and Thely Vaporization Proccsses, Chem.
Reve. _53, p. 1, 19531,

James P. Coughxin, Contributions to the Data on Theoretical Metalluwrgy, XTI- Heats and Free
Energics of Pormation of Inovganie Oxldes, Julletin 542, Burcau of Hines, 195%. .

" P.E. Blackburn, et sl. J. Phys. Chem. 62, No. 7, 769, 1958.

J. Berkovite, et sl., J. Chem, Phys. 26, Wo. b, BL2, 1957,
¥.A. Chupka and J. Berkowltz, J. Chen. Physica _2_6, Fo. 5, 1207 (i957).
K.X. Kelley, Contributions to the Data on Theorctical Metellurgy, X. High-Temperature Heat-

Content, Heat Capacity, and Entropy Data for Inorganic Compounds, Bulletin L6, Buresu of
Mines, 1949.
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elementg. For many of them, the deviations should certainly be
large. In assuming a liquid silicate as the condensing surface&
then those elements whose ionic character differs most from sit% .
will probably deviate most from ideal behavior. The elements that
would be expected to deviate most would therefore be those of the
alkali metals. However, similar oxides should give similar devi-
ations so that the relative values of p. for similar oxides should
be in the same numerical order as the ki values. The fact that
the solutions are dllute does not necessarily indicate that the
solution is perfect or make pya good estimate of kd'

The melting point selected is approximately that of a sillcate
soll containing fairly large amounts of Alp03 and K~0 or NepO along
with 510p. For a surface detonation, large emounts of this material
would be vaporized. The A1203, with a boiling point of 3950°K (1
atmos. Oo), could start vapor-condensing at some temperature less
than this (depending on the partial pressure) into liquid drops
and co-condensge some of the less volatile radicelements. The latter
cannot vapor-condense by themselves because their actual vapor pres-
sures are lower than those which would be calculated from the data
in Table 1. These small vapor-condensed particles of AlgOB will
solidify when they cool to 2300%K and/or combine with 8i0p as alu-
mino-silicate liquid particles that can be formed between about
3100°K and 2040°K. The influx of larger liquid perticles at these
and lower temperatures can dissolve the very small vapor-conlenged
particles upon collision as well as condense more of other elements
still in the gaseous state. The establishment of equilibrium vapor
pressures for elements thet decsy from a non-volatile to a volatile
element in the liquid state may be slower than for the gas-to-liquid
equilibrium since diffusion through the liquid to the surface is
slower than diffusion through the gas to the ligquid surface.

‘A carrier material such as a silicate soil contains elements
and compounds that could form other compounds with the fission pro-
duct elements whose vapor pressures and solubilities in the liquid
state could be different from that calculated Jor the oxide (aside
from uge of Raoult's law). For example, Na and K form compounds
with all resactive non-metals and most metallic elements form sili-
cate compounds. However, many also form silicate glasses as solu=~
tions and for these the assumed process gpplies. The vapor pressure
date for the possible gaseous specles of the fission~product elements
over silicate solutions have not been measured. The exact gaseous
species need not be known 1if the Henry's law constants for the liquid
solutions are lknown as a function of temperature.
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SECTION b

EVALUATION OF THE u{£)/V RATIO

4.1 CAICULATION OF THE RATIO n(£)/V FROM RADIOCHEMICAL DATA

Radiochemical data from samples of fallout that give the content
of oiie or more radionuclides per gram of fallout (prefersbly consist-
ing of the larger fused particles) can be used to make estimates of
the concentration of the carrier mspterisal in the firebell during the
first period of condensation. In order to do this, however, the
assumption of uniform mixing in the fireball must be made, the vol-
ume of the fireball at the time when the particles solidified must
be known, snd the total yield of the radionuclide(s) (i.e. total
chain yield) is required. Also, the molecular weight of the carrier
material must be known. The mole fraction, Ni, can then be calcu~
lated in terms of the ratio of the number of moles of the mass nun-
ber, A, to the number of moles of the carrier. With this information,
the ratio, n(£)/V, can be estimated from

LI, A ¥ (A, t) '
. nge)'=NAJ=Lj : E; (87)
(l * Znu,?VRT)

in which Y, is the total wespon yield of the mass number A and V is
the volume of the fireball at the time the carrier meliing point
occurs. The best estimates of n{f)/V will result from analyses for
mass chalns that are neither condensed in large amount nor missing
from the sample in large amount. Equation 87 can be solved by suc-
cessive approximations and, if data for several mass numbers are
availlable, the final value of the ratio should be selected from
those in which the summed term has values between 0.2 and 0.8.
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No complete set of unclassified data have been reported for use
of Eq. 87. However, Kimural? gives values of the specific activity
of the fallout from the 1 March 1954 detonaticn at the Eniwetok Prov-
ing Grounds, His values are 0.37 me/gm of fallout on 23 April (D+53)
and 8 x 1 -8 gm fission products/gm of fallout. In terms of unfrac-
tionated fission products where the activity at 53 days is 3.7 x 107
d/s/fission,.l?) the first value can be converted to T x 1(33-1L fission
product, atoms per gram of fallout. The second value converts to
b x 104 rigsion product atoms per gram of fallout. The report also
gives data on the relative yields of some of the individual radio-
nuclides present. However, the carrier material, CaC, has a much
higher melting point than siliceocus soil minerals and the end of
the firstperiod of condensation would cccur much earlier for the
Ca0 carrier, for the yleld of that device. The gross fission pro-
duct concentrations given above indlcate at least the order of mag-
nitude of the specific activity of fallout from large yield wespons.
The information in the remainder of this Section will show that large
variations in the specific activity in the fallout from weapons of
different yleld is not expected (i.e. for surface detonstions) if
the fraction of fission yield is held constant. It should, however,
vary directly with the fraction of fission yleld. For example, if
the 1 March 1954 detonation were 50 percent fission, then a fission
weapon might be, expected to Eﬁoduce fallout with specific activities
between 8 x 101+ and 14 x 10 fission product stoms per gram of
faliout.

According to data from The Effects of Nuclear WeagonsE_E_NE),ll‘
the crater radius for g surface detonation is feet (W in KT)
and . its depth is 25H1 f£. For a cone-shaped crater, which is more
representative of the crater shape for a large yield detonstion than
is sn ellipsoid of revolution (as given in ENW1™*), and a soil dens-
ity of 110 1b/cu ft, the mass of material thrown out of the crater
is given by . . :

M= 5.03 x 100092 gm (88)

If all the activity produced in a 20-KT flssion weapon were mixed
uniformly with the ejected mass, the fission-product concentration
would be about T.3 x 1013 atoms/gm; for a 1-MT fission weapon, it
would be about 1.0 x 1014 atoms/gm; and for & 15-MT fission wespon,
it would be about 1.2 x 1011*. With the assumption of uniform mix-
ing of the fission products with all the crater material, the cgn-
centration changes rather slowly with yield (i.e., only as WO:09),
However, even for the 15-MT yield, the "uniform mixing" concentra-
tions are lower by & factor of T to 12, assuming 50 % fission for
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the 1 March 195k detonation, or 3 to 6, assuming 100 % fission, than
those found by Kimura. ‘Thus these percentages indicaete that only
the order of 5 t¢ 10 percent of the crater material must come in
contact with the radicactive material and is involved in the for-
matlon of radicactive fallout particles.

4.2 CAICULATION OF THE RATIO n({)/V FROM THERMAL DATA
AND EMPIRICAL SCALING EQUATIONS

h.2.1 Description of Calculation

The scaling equations and other data for an air burst given
in ENW will be used along with modifications and idealized scaling
assumptions for a description of the fireball volume and tempers-
ture, th time, for a surface detonation. The air burst model
assumes detonation at sea level without an air-soil interface. For
the surface detonation,; the air-soil interface will be added. The
reference time of the second maximum 1ln the cbserved teuperature
used in ENW will be retained as & reference point in time.

In the two model detonations, & certain fraction of the total
energy released will be estimated as still being in the fireball
&t the second maximum in the form of gaseous atoms of high internal
energy. Some of the energy is still in the blast wave (or trans-
ferred to substances outside the fireball volume by the blast wave).
Another portion of the energy has been radiated from the fireball
(ENW calls this portion the "thermal energy"). Some of the energy
has been used in expansion of the hot gases against the atmosphere.
At times after the second maximum, the gases in the fireball release
their internal energy and cool by heating inflowing air an&/or soil
material, expanding further against the atmosphere, and radiating
energy out into the atmosphere. The thermel balances for these pro-
cesses will be estimated in order to compute the amount of soil that
can be heated and melted when the fireball has cooled to 14C0°C. In
addition, the energy balances will be computed as a function of yield
so that the total amount of the major constituents contained in the
volume of the fireball can be estimated.

In the calculations, the energy used to heat the surrounding
air and/or soil is that required to dissociate these substances,
originally in their nomal thermodynomic state at 298°K and 1 atmos,
to atomic gases and then heat the latter (as ideal gases) to the
temperature of the second maximum. For cooling to 1400°C, the
energy released comes from the change in kinetic energy of the
geses and from the association of the gas atoms to gas molecules
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or to liquid molecules at 1400°C. Except for consideration of the
heat lost by radiation, ionization energies will not be tsken into
account.

L.2.2 Partition of Energy at Second Maximum

In ENW (p. 6), the distribution of energy for the air burst
is 15 percent for nuclear radistion, 35 percent for thermal radia-
tion (i.e. radiant energy), and 50 percent for blast and shock.
The time or time pericd of the detonation at which these values
apply is not given, nor is energy allotted for the processes given
in k.2.1. Of the energy distribution values given in ENW, the 15
percent for nuclear radilation will be assumed t0 be unaveilable
or lost from the fireball with respect to the processes discussed
above for both the air burst and surface burst. The remaining 85
percent is, then, to be distributed among (1) the energy in the
fireball at the second maximum, {2) the energy lost by radiance;
and (3) the energy carried beyond the fireball perimeter by the
blest wave.

The energy content of the firebell at the second maximum will
be taken to include the dissociation energy for air (0.8Ns + 0.20p),
the change in internal energy for a temperature rise of 8000°K, and
the work for expanding the gases to the fireball volume &t the secord
maximm agalnst a 1.0 atmosphere externsl pressure. The energy con-
tained in the fireball for this process is

Q = 2n;(3 x 8000 + 79,200) + P,V = mBRT - (89)

rin'which nq is the number of moles of undissociated air, the value

3 is used for heat capacity (Cy) in cals/mile of an ideal gas, the

- value 79,200 cal/mole is the dissociation energy (AE) for one mole

of dissociated gas atoms at 298°K, Vo is the fireball volume at the
second maximum, niRT, 1s equal to P V_ where V, is the ori§inal
volume of the heated alr molecules, and T, is taken as 298°K (stan-
dard conditions st sea level). For a 20-KT yield air burst the
value of Vp as calculated from ENW for & spherical fireball is 2.5
X 1013 em3 so that PoVp is 2.5 X 1013 em3-atmos or 6.1 X 101 cals
(1 cal = 41.29 em3-atmos). With these values, Eq. 89 reduces to

~ @ = 2.06 X 10°n; + 6.1 x 10M (90)




The energy lost from the fireball by radiance, from ENW,
p. 333, up to the second maximum is 0.2 X W/3, or 6.7 %. Using
the conversion of 1.11 X 1012 cals/KT, the radiant energy lost for
a 20-KT air burst is 1.5 X 1012 cals.

The energy content of the blast wave as it separates from
the fireball should consist of the internal energy content of the
air molecules expressed as a temperature rise, the compression
energy (i.e., the dynamic pressure of the pulse), and a potential
energy or work term expressed in terms of outward velocity of the
wave. The measured fireball temperature decrease prior to the
second maximum (see ENW, p. 69) will be taken as the decrease of
the air tempersture within the blast wave itself. The temperature
curve in this period of time, expressed ss an increase in the air
temperature from ambient can be represented by :

AT = 304t-0-423 ' (91)

for t in seconds and T in %K. For a. breakaway time (i.e. the time
the blast wave leaves the fireball) of 0.015 secs,AT is 1800°.
For this temperature rise,AE for air is 10,860 cals/mole.l5 The
peak overpressures from ENW, p. 109, can be represented, in part,
for a 20 KT air burst by

K

p = 1.20 X 10%27-2:3L, » = 2.4 % 10% to 5.0 X 104 (92)

for r in cm and p in psi overpressure. The variation of the fire-
ball radius with time up to the breakaway from ENW, p. 65, can be
represented by

rog = 4.98 X 10%0:372) ¢ = 10-* 4o 0.015 secs (93)

for r in cm and t in secs. At 0.815 sec, r is 1.04 X 10 cm, and,
extrapolating Eq. 92 to 1.04 X 10% cm, p is 620 psi (42 atmos).
The corresponding value of the peak dynamic pressures is 1330 psi
which is equal to 2.19 cal/cm3 (1 psi = 1.65 X 103 cal/cm3). For
a temperature of 2100°K (1800 + 300}, the number of woles of gas
atoms per cm3 at a prﬁssure of 43 atmospheres, using the perfect
gas law, is 2.4 X 10*%. The energy sbsorbed by the gas due to the
compression is then 9.1 X 103 cals/mole. The outward velocity of
the blast wave is cbtained by differentiating Eq. 83 to give

k1




v, = 1.85 % 10%4-0.628 " (9%)

Using the gross kinetic energy, 1/2 mv2 s a8 measure of the potential
work of the wave in moving the air molecules outward and converting
to number of moles of air and to caloric units, the energy conten't

at 0.015 secs is '

Q, = 2.28x 10*n, (95)

where np is number of moles of air in the blast wave at the brea.kaway.
The total energy in the blast wave is

Qp = 1.09 & 20%n, + 0.91 X 10", + 2.28 X 10"n, 106)
= 4.28 X 10™n,

The sum of Q and @, should be equal to 0.78 ¥ 2.22 ¥ 1013, or 1.73
X 1013, cals for the 20 KT air burst. Thus,

1.73 X 1013 = 2.06 X 1070, + 6.1 % 1011 & .28 x 1ohn2 (97)

In order to solve Eg. 97 for n, and 15, & relation between ny and
was required. Since none was &irectly available, it was assumed
that all the gas molecules in the fireball at the second maximum
and in the blast wave at breakaway originally occupied the volume
enveloped by the fireball at the breakaway. That is to say, the air
molecules outside the blast wave do not absorb any of the @ or Qﬁ
energies until the blast wave hits them. With this assumption, +
perfect gas law estimate is that the volume or:!ginally contained
1.9k X 108 moles air and

n, + 0y = 1.94 X 108 (98)

With Eq. 98, the velue of 1y is 5.15 X 107 moles and n, s 1.2 X 108
moles. The corresponding value of Q) is 1.12 X 1013 cals or ¢.51 of
the total energy; the value of Q, is 16.08 X 1012 cals which is 0.27 of
the total energy. The latter value for the fraction of the energy.
carried by the blast {and shock) wave is about half of that given in
EfW. :
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For & surface detonation;, sbout the same energy partition
should occur except that the fraction of the energy lost from the
fireball up to the second temperature maximum by radietion should
be less. If, for a given yield, the variation of the temperature
and fireball radius with time before the second maximum for the
surface burst ls similar to that for the air burst, then the ratio
of radiant energy lost for the two types of bursts should be equsal
to the ratio of the products of the fourth power of the tempera- -
ture(s) at the second maximum and the surface area of the fireball
at that time. Taking a spheyical fireball for the air burst and
a- hemispherical shape for the surface burst, the ratio of the two

_______

energies radlated into the air space arcund the two is

Tg( s) RA(s)

s = : ' (
a(s)/a(a) m (99)

where T, and Rp are the temperature and fireball radius at the sec-
ond maximum, respectively, and (s) and (8) refer respectively to the
surface or air burst. If it is further assumed that the volume of
the fireball at the second maximum is the same for both types of
detonations (i.e. and contains approximabely the same fraction of
the total energy), then

Ro(8)/Ry(8) = 21/3 (100)
For this ratio of radii, Eq. 99 is
_ N _,
a(s)/a(s) = 0.79 [ma(s)/mp(a) | (101)

The probable maximum value of To(s)/To(a) is one; then for a q(a)
value of 0.06TW, g(s) is 0.053W. A probable minimum value of
T,(8)/To(a) might be 0.5; the corresponding value of q(s) is 0.0033W.
The fraction of the total energy in the fireball at the second maxi-
mum for the surface burst should therefore be between 0.53W and
0.584. These calculations assume that the radisnt energy that
strikes the ground surface has been utilized to veporize soil

whogse vapors are contained in the fireball volume. Some of this
energy might be lost in heating soll that mey enter at later times. -
But on the other hand, the shock wave would conbribute some energy
in heating soil materials whose guseous (or liquid) products cannot
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escape the fireball velume by outward movement as in the air burst.
A mean value, 0.55W, was therefoic sciccied as e ssuimace of
energy contained in the surface burst fireball at the second tem-~
perature maximum. In the calculations to follow, these energy
partitions were assumed to be invariant with yield; this assump-
tion, as 1s shown in the following paragraphs, leads to & parti-
cular set of solutlions to the derived scaling equations for the

fireball temperature and vapor concentration.

4.2.3 Fireball Temperature, Volume, and Energy Content
Scaling Functiong for Model Alr Burst

The scaling equations for the air burst are presented here
as & basis for deriving comparable functions for the surface burst
in the following subsection. Geometry, energy content, and &ssump-
tions shout the differences and/or similarities in the two types of
bursts have been used to alter or retaln the necessary scaling
functions. Also, some of the scaling functions in the ENW have
been altered to obtain consistent sets of functions for the model
bursts.

The variation of the fireball radius after the second temper-
ature meximum was derived from Fig. 2.85, p. 65 of ENW; for & 20-KT yield,
the values of 620 ft at 0.15 sec tz, time of the_second maximum) and
T60 £t at 0.75 sec (t,, time of maximum expansion of fireball) were
used. These values give the variation of the 20 KT yield firebsll
radius with time as

0 ‘128 h

R(20 KT) = 1.89 x 10%(t/tp) (102)

for R in ¢m and + in secs. For the yleld scaling of the radius,

the geometrical scaling function; W /J, was used instead of W /5
as given in ENW. The higher power of W given in ENW may have been
used to account for the decrease in external air pressure for the
reguired air burst height. For the model air burst, however, the
external pressure is assumed to be constant at 1 atmosphere. Using
the 20-KT fireball radius at the second meximum to solve for the
coefficient of W1/3 (i.e., as being represemtative of the model
burst conditions), Eq. 102 becomes

= 6.96 x 1050333 (£/4,)09%8, g~y (103)

L




for W in KT. If the time for full wxpansion of the fireball is also
taken to scale according to wl/3, then (from ty = 0.75 sec and W =
20 KT),

t = 0.276w0 333 (10k)

From ENW, p. 331, the scaling for tp (note change of notation from
ENW), adjusted to give 0.15 sec for 20 KT, is

t. = 0.0336w0 7% (105)

2

The ratio t [ty 1s

~-0.167
tm/t2 8.21w (106)

By eq. 106, t, and t, approach each other with increasing yield and,
if the relation held for all yields, the time of maximum expansion
and of second temperature maximum would coincide for a yield of about
3 X 105 XT (300 MT'). Substitution of Eq. 106 in Eq. 103 gives, for
the fireball radius at maximum expansion,

R = 0.12x 105031 (107)
for Rm in cm.
Scaling relationships for the firebsll temperature can be der-

ived from the information given by ENW, pp. 300-333. The thermsl
power, P, is given by

P = 1.73 x 10"117%82 cals/sec (108)
for T in °K and R in ecm. The radiant energy lost up to tp is-given by

T2
qy(a) = fo P d% (109)
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To evaluate Eq. 109 from rthe curve in ENW, p. 333, let

2 = P/Pp _ (ilo)
where Py is the thermal power a.t__ the second maximum, and

¥y = t/ty R (111)

With these variables, Eq. 109 becomes

g, (8) = Pot, fe 2 dy . (112)

The graphical integration is tebulated in Table 2; the value of the
integration for Eq. 112 is 0.569. Substituting Eqs. 103, 104, and
108 into Eq. 112 gives .

1,167

~ 'l
ql(a) = 1.6l 10'7115 W cals (113)

A logarithmic plot of the curve in ENW, p. 333, for t/to
greater than one can be represented gquite accurately by the equation

7 . 1281990, 1.4=y =10 C(11k)

The radlant energy lost at times greater than t» is given by

%
a(a) = [ P at (115)
so that
1.k y
ap(8) = Pyt, | Z dy + Ppt, 1.28 [ 31590 ay (116)
.'o ’ A
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TABLE 2

Swrary of Graphieal Integration of Scaled Thermal
Power Funttion up to the Time of the Second Maximum

N Z 0.147 y
,[ Z Ay

_ O
0.1 0.05 0.0022 0.002
0.2 0.12 ©0.0085 0.011
0.3 0.2k 0.0180 0.029
0.k 0.43 0.0322 0.061
0.5 0.67 0.0555 0.116
0.8 0.82 0.0755 0.192
0.7 0.21 0.0865 0.278
0.8 0.96 G.0935 0.372
0.2 0.99 0.09Th 0.469
1.0 1.00 0.0995 0.569

!
l
|
i
i
i
i
i
t
i

Grapbical integration of the Tirst term of &gq. 116 gives 0.356; the
corplete integral up to y values larger than 1.4 is then given Dby

Qp(a)

Pt {0.356 - 2.17 [(1.h)"o‘59 . y‘o'59]} (117a)

Pots (2.135 - 2.l7y_0'5% -

According to ©g. 108, the thermal power at the second paximum is

. |
Fp = 1.73 x 10747} R, {118)
substitution of Bgs. 103, 105, and 118 into Bq. 117 zives
g(a) = 2.82 % lO‘STg w167 (2,135 - 2.17y70-59) (119)

At teuwperatures below about 1000°K, the energy loss by radiation
should drop very rapidly and be negligible for T/Tg less than 0.1
In order to estimate a valuc of y for which T/Tg is 0.1, BEgs. 103,
107, 108, 110 and 11k can be coumbined to give
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T2 = THRS X 1.26(3/t,) 00, t=ty (120)

Tt may be noted here that, for the 20 KT yleld, Ry occurs at /o
equal to 5.0 whereas the right hand side of Eq. 123 applies for t/tg
values as low as 1.4 which would imply that, for the curve given,

Ry occurred at a t,/to value of 1.k independent of yield rather than
et the value given by Eq. 106 for 20 KT. It is likely that the P/Po
curve, at least up to tp/to, is yield-sensitive and that the curve

in ENW, if an observed curve, is for a yield much greater than 20 KT,
At any rate, for times neag tn and longer, the curve indicates T is
proportional to (t/tg)'0'3 8. Complete substitution of the indicated
equations into Eq. 120 and solving for T gives

-0.398

7 = 0.929w00108 1 (4/¢,) T (121)

TFor a large range of yields the value of 0=929WO‘Olo5 is near one;
hence the value of t/tp or y for T/T» equal to 0.1 is about
325(2.,17y"0+59 = 0.072). Using this value in Eq. 119 gives

ap(a) = 5.82 % 10757 1267 (122)

The total radiant energy is then

g W1.167

ap(a) = 7.43 X 10-7T (123)

The fraction of this amount up to t, is 0.22. UWow, if qT(a) is taken
as 1/3 W in ¥r (or 3.70 ¥ 1011 W in"Cals), then

T, = 830000 %2 (121)

Equation 124 shows that when the energy.partition is postulated to
be independent of yield, the temperature at the second maximum de-
creases with yield.

For a yield of 20 KT, Eq. 124 gives 7hOOOK as the value for
To; this value is almost 1000°K lower than shown in ENW, p. 68 and
69. A lower temperature results even when the fireball radius equa-
tions, p. 66, arc used for R in Eq. 120. If gp(a) is taken as 0.58
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W(KT), as has been found in the previous section, then Eg. 123 would
give a second maximum temperature of

~0.042

For a yield of 20 KT, Eq. 125 gives 8500°K as the value for To which
is in better agreement with the values given in ENW, p. 68 and 69.

To obtain the temperature given by Tq. 125, all of the energy in the
fireball is used as radiant energy; none of the energy has been allo-
cated to further expansion of the fireball and atomic cloud or for
the work against gravity in raising the gas and particle mass to high
altitudes. However, there are two additicnal sources of energy that
have not been mentioned that could easily provide this “extra" energy;
these are: (1) the buoyant force of the atuosphere to 1lift the warm
gas mass, and (2) the kinetic energy and the energy of cooling and
expansion of the air, originally at 1 atmos and 298°K, to a lower
final pressure and temperature at higher altitudes; this is a net
gain from the air molecules, themselves, that were enveloped in the
fireball. Also, some of the blast energy will be reclaimed as pre-
heated air in the rising cloud. Thus, Eg. 125 may well not be the
maximum value for To with respect to the fraction of the total bomb
energy lost by radiation.

If q.(a) is taken as equal to 1.11 x 1012 W calories (q being
the fraction of the total energy released which is lost by radiance),
then T, from Eq. 112 is

T, - 1.10 X 10%d/4 y-0-0k2 (126)
Substitution of Eq. 126 into Eq. 121 gives
T = 1.02 x- 108/ =0+031 (t/tg)'o'398, t2:t .(127)
Agd further substitution of Eg. 105 for t, gives

= 266004 O 168 40398 b=t (128)

In view of the possibility of variations in the scaled power curve
of ENW due to yield, it mway be assumed that the lower time limit

L9




IR

for application of Egs. 127 and 128 is t, rather than t,. With this
assumption, the substituticn of Egs. 103 (or 107) and 127 in Eq. 108
gives

o)
i

9.16 X 102 w0543 (1/45) 1334, ¢ st=t (129)

2

and

= 1.57 X 10130 w0990 (£/4,)719P, t=tm (130)

+d
[

For these approximations of the thermal power, the energy lost by
radiance after tp is

tm
— .33 -1,
w(a) = 9.16 X 1072 O+ 543 tel 3L 133 gy
to
£
+ 1.57 X 1013¢ wO+200 t2'590 £L-490 gy (131)
%
) m

If the finsl limit of integration, ty, is again defined as the time
whern T/Te is 0.1, then by use of Eq. 126 and Eq. 127 or 128, te is
given by

1, = 9.000 %1 ' (132)
Integration of Iic. 131 up to this limit yields
4p(a) = 9.22 x 10Mq O3 (1 - 023500056 | 5.0357w0+059) (133)

Thus, evern thourh the scaling equations were derived on the basis of
q2(a) being proportional to V, the combination of the T and R func-
tions from EIW (with some alterations for R) gives go(a) as not being
directly praﬁartional to W. However, the power of W is not far from
one so that g(a) from Eq. 133 conforms approximately to the original
postulation. The wmain difference is that wost of the yield dependence
in P/P2 occurs in the period frowm t2 to t, when the fireball is still
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expanding; the extrapolation of the variation of T with t/t2 back to
this time period may also account for soue of the difference in the
yield dependence.

4.2.4 Estimate of Difference in Fireball Temperature at
Second Heximum Betweern iodel Alr ard Surface Bursts

The main assumptions that were made Lo obtain an estimate of
the difference in the fircball temperature at the second maximua
between the model air and surface bursts arc: (1) in the surface
burst, 1/2 of the energy in the Tireball is utilized to heat, dis~ °
sociate, and cxpand air woleculces and 1/2 of the cnergy to vaporize,
heat, dissociate, and expand molecules of soil; (2) the air and sur-
face bursts are equally efficient in the healing process with respect
to the nwriber of gas atoms heated to the temperature of the second
maximum per unit of yield, and (3) the fraction of the total yield
utilized at the second temperature maximum is 0.51 for the air burst
and 0.55 for the surface burst.

The first law of thermodynamics foxr the utilization of 0.51
of the total energy at the second maxirum for the model air burst is

Q = n, {CV(Tz—TO) +AEZ] + PO(VQ—VO) (134)

in which n, is the number of air atoms (N and O atoms), C, is the
heat capacity of (an ideal) monatomic gas (3 cal/mole-deg), T, is
the temperature at the second maximum, To_is the original teuwpera-
ture of the gas atoms (298°K), AEC is the heat of dissociation of
air molecules at 298°K (79,200 caffmole of gas atoms), Py is the
external pressure (1 atmosphere), Vo is the volume of the fireball
at the second maximum, Vo is the original volume of the air mole-
cules at P_, V_, and T,, end Q; is 0.51W in KT or 5.66 x 1011y in
cal. For a spﬁerical fireball, the volume from Eq. 103 is

V = 1.41 % 10%% (t/t2)°'385 em3 (135)

so that )
Vo = 1.kl X 101% (136)

Using the perfect gas law, the value, of PV, for the original air
molecules is _
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PV, = (np/2RT, (137)

Substitution of the appropriste terms in Eq. 134 (1 cal = 41.29 cm3
atoms) gives

5.66 X 103y = ny3(Tp-298) + 79,200 + 3.b2 X 10%0% - 300m,  (138)

so that :
_5.32 X 1011 : ("
/i = T, +78,000 : (139)

In order to make a similar computation for the model surface
burst, the thermal properties of the "ideal"” soil must be specified.
The nonreactive "ideal" soil will be assigned the thermal properties
of anorthoclase (NagO-AlgO3'6SiOQ) to be consistent with the seleated
melting point (1400C). One mole of the soil upon complete dissocia-
tion gives 26 moles of gas atoms; the molecular weight is 52, In
estimating the energy computations, the bonding energy between the
three oxides was assumed to be small compared to the oxygen bonding
to the metal atoms. The changes in energy for any process involving
the whole molecule therefore nay be eguated to the sum of the energy
changes for the individual oxide molecules indicated in the formula.
The entropy of fusion was taken to be 29 cal/mole/deg; the heat of
fusion is then 48,000 cal/mole.

" The change in internal energy of the atoms and mclecules was
estimated from . :

T AE = AR -A(PV) (1k0)

and when gas atoms are involved, the perfect gas law was used and

‘the quantityAnRT substituted for A(PV) for a constant temperature
process. The dissociation energy of the soil at 298°K was calculated
as follows from the dsta of Shell and Sinkelb (s = solid; g = gas;
AR and AE values in cal for indicated reaction in number of moles):

i

(1) 2¥a(s) + 1/2 05(g) — Nago(s),  AH® = - 61,100

2k, 500

I

(2) | 2 Na{s)— 2Na(g), AY:
‘ | |
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59,100

(3) 1/2 0p(g) —>0(a); AR°

sum:  (3)+(2)-(1) NeyO(s)~——3 2Na(g) + 0(g), AR = 144,700

Ar° = 144,700 - 3 X 2 X 298 = 142,900

(1) 2 Al(s) + 3/2 Op(g) —= Al50,(s), Ar® = -keo,200
(2) 2 Al(s) — 241(g), Ar® = 154,300
(3) 3/2 0x(g) — 30 (&), Ax® = 177,500
 un: (3)+(2)-(1)  ALp04(s) —2A1(e) + 30(e),Ar = 731,80

AR°® = 731,800 - 5 X 2X 298 = 728,800

(1) s1(s) + 0p(g) ~— 5105(s), Ax° = 210,200

(2) si(s) — si(g), Ar® = 90,000

- (3) - 0p(g) — 20 (g), Ar® = 118,200
sum:  (3)+(2)-(1) S10,(s) -—-—)Si(é;) + 20(g), AE® = 118,400

Ar°® = 731,800 - 3'X 2 X 298 = 416,600
F.or the process,

ivazo-A1203-6Si02(s)——aema(g) + 2 Al(g) + 6si(g) + 16 0(g)  (1lbla)

Ao = 142,900 + 731,800 + (6 % 418,400) |
A = 3,370,000 cal/mole of soil 7 (1h1p)
oY,
AEO = 129,600 cal/mole éf gas atoms formed (1k1e)

The first law of thermodynamics for the utilization of 0.55
of the total energy at the second maximum for the model surface burst
is
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Q]l- - né [Cv(TéuTo) + 72,200] - (ne'/e)RT(')

+ ng [Cv(Té-TO) + 129,600] + 3.42 X 100 (1k2)

Ll
in which n. is the number of moles of air atoms in the fireball, Ny

is the num%er of soll atoms in the fireball, T! 1s the temperature
of the gas mixture at the second maximum, and Q! is 0.55W in XT or .
6.10 X 101w in cals. Making the substitutions indicated and let-

ting the sum of né plus né be represented by n gives, for Eq. 142,
llw t [ "
5.76 X 10 = n(3 T2+78,000) + 51,600n] - (1k3)

The model surface burst was defined as one in which half the
energy in the fireball at the second maximum was utilized in dis-
sociating and heating air molecules and half for the soil molecules.
If each of the two component gases are expended from their original
volumes to Vo (same as for the air burst), then

nt [o (Th-1,) + 79,200] + [PV, - (né/Q)R‘I‘O]

" - ) N . ISTRY
= ng o, (15-0,) + 129,600] + BV, . (LW
Subst;tution of (n - ng)_for nj end solving fbr.ng gives
) (31.5+78,000)
Bo = 0 TEm (1b5)
(6T2+207,600) ‘ .

With Eq. 145, Eq. 143 becomes

5.76 X 10 = n (3Té+’78,000) [1 + %@%] ) ((11+6) )

The values of ny/W for Eq. 139 and n/W for Eq. 146 are summar-
ized in Table 3 and the values of n/w is plotted as a function of To
in Fig. 2. The values of T, and T} for equal values of ny/W and n/W
are given in Table 4. The assumption of equal values of the "vapori-
zation efficiency” (n/W) for the two types of burst gives, approximately,
8 constant difference in the temperatures at the second maximum of about

3800°K.
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TABLE 3

Values of np/W and n/W for Several Values
of T» and T2, Respec+iVely '

T, or T! Como/W . . g -
2 (%k) 2 (‘1.:’06mole_s /xT) l?g woles/KT -
4,000 5.91 5.

- 5,000 5.72 5.02

6,000 554 k.95
7,000 T 5.37 L.82
8,000 - 5.21 L.70
9,000 _ 5.06 k.58
10,000 .93 b L
11,000 479" -
12,000 L, 67 -
A
TABLE b

Values of Ty and Té for Equal Values of

nz/w and n/w | et

OIIn/w To T T Ty 1 TY/T,
molos/2 (%K) (°x) (%K)
L7 . 11,750 18,000 3,750 0.681
L.8 10,910 7,150 3,760 0.658
k.9 10,150 6,370 3,780 0.628
5.0 9,420 5,640 3,780 0.599
5.1 8,730 4,930 3,800 0.565
5.2 8,050 L,250 3,800 0.528
Av.: 3,780

55




sl

A ETE

s

G T

MOLES /KT, n/W (x10°)

Fig. 2

P S S \

5.5

AIR BURST
nzlw

5.2 ' \ :
\x SURFACE BURST
5.1 n/w — \

5.0 {— N 7 \

4.9 ' \ \

4.6 - - —1N -

4.5 N \\

N

44 : : : L
4000 5000 6000 7000 8000 9000 10,000 1,000 12,000 13,000

SECOND MAXIMUM TEMPERATURE (°K)

Variation of the Moles Gas per KT in the Fireball With
the Sceond Maximum Temperature

56




o
T

If the value of To for the model air burst Jor 8. yield of 20
KT is B300°K as given in LMW, p. 68 and 69, then T2 is 4500°K. This
value of T} seens to be too low to be consistent with the energy
utilization and energy partition. The termerature of 4500°K is not
high enough to completely dissociate all the air molecules and many
of the wore stable oxide molecules. If the dissociation energies
in ®q. 142 were reduced, a larger value of n/W at a given value of
TQ would result. This, in turn, would give a swmaller difference
between To and T5; and, 1f the original value of Tp is retained
a higher value of TJ) would be indicated. A higher value of T4 would
require use of the. 31 ssociation energies (i.e. Bqg. 142) and a return
to the above temperature values. This inconsistency can be removed
if o is increased. '

The date from ENW used in the previous sections to obtain the
various scaling functions was associated with the model air burst.
However, as was noted, ENW does not state the type of burst; except
for the blast curves, . 109, no mention of the burst type is given.
© Many of the inconsistencies found in the WKW information with respect
to the fireball tewperature, energy'partiwign, and thermal power would
be resolved if it were assumed that the data actually applied to a
tover-mounted explosion. If this assumption is applied and if it is
also assumed that the temperature at the second maximum for a tower
shot is widway between that Tor a surface burst and an air burst;
then the latter two temperatures can be estimated from

16, 600 (147)

i

Ty + T3

and

]

3,800 C (w8)

The resulting values of Tp and Té are lO 200 9K end 6400 °K, respec-
tively.

The assumed scaling equations for R and t, and the assumption
that the radiant enersy was proportional to the yield led to the
result that T waa ploportlonal to W-0.042 since g¢.(a) vas propor-
tional to To ﬁ T when the yield dependence of the term R to were
substituted If, however, instead of assigning the excess over
1.000 in the exponent of W to To alone, the excess, 0.167
divided equally and assigned to the scale functions for T and tos
and, 1f go(a) is adjusted to 0.51W (in XT) for the 20 KT yield
medel air burst, the following scaling functions resultb:
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= 5.7k X 1030333 (t/t, y0.128 LSt © (1h9a)

"R =
R = 8.58 X 1030-280 0-128 ¢ = b=t (1490)
ty = 0.0L31% W 0.416 sec (150)

by = 0.286%%F 0:321%% ' | (151)
R, = 7.32 X 1030 32L¥¥ o : (152)
T = 1.02 x 10%y~0:021 (*c/i-,z)“o'l*OO oK, £ty (153a)
T = 2.90 x 10340145 -0.400 op t2L, | (153b) |
Tp = 1.02 X 10%y~0-021 o | (15k)
tp = 13.630° 76 sec, ror v = 0.1 1, (155)
P = 9.06 x 10804343 {13 oo ee, tgf_trfitm o (156)
P = 6.59 x 105041220 £-1.600 1o e, taStSt. (157)
ql(a) = 7.77 x 1030 cals (T % of tétal) ' (158)
as(a) = 7.76 x 10Mw(1 - 0.222y0-031 | o, 0og5y-0.025) | (159)

For- Eq. 159, q ( )/W (both in same unlts) is 0. 52 for 1 KT,
0.50 for 100 KT, O. 1'9 for 1 MT, and 0.48 Tor 10 MT. This relative
decrease with yield in the loss of fireball cnergy by radiance; due
to the second term in the parenthegis of ig.” 159, is a result of
the scaling function for L. IF the tm scajing function exponent
on W werc the same as that for ta, this tera in Bg. 159 would not

‘be yicld-dependent. The indicated drift of t, towards tp with in-

creasing yield also results in a decrease in the difference between
Ro and R, with yield and hence less relative increase in the surface
ares of the fireball from which the energy is radiated.

Besides the diifference in temperature at the second maximum,
the main difference in the above scaling functions from those given
in the preceeding paragraph is that due to the 18 % decreasc in the
fireball radius., This decrease resulted Trom the adjustwent of (a)
to 0.51W (in KT) at 20 KT. This "used up" all the energy so that the

*Adjusted to 0.15 secs for 20 KT.
*¥Taken to be equal; detcrmined from Eq. 121b.
#¥RXAdJusted to 0.75 secs For 20 K.
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fireball radius thus deterniined is a maximm value. Lapplel6 indi-
cates that the Tireball radius may actually be only about 0.5 of

the values given by EMW. The decrease in the radius does not result
in a significant chanre in dirference in teuperature at the secord
maxinum between the nodel air burst and model surlace burst; the
difference is decreased by only about 100YK. The reestinvate of Té
is therefore 6500°K.

4.2.5 Sealing Functions for Temperature, Fireball Radius,
and Utilization of Fireball Enersgy for ilodel Surface
Burst

The scaling functions for the model surface burst were based

, on those for the model air burst given in the previous subsection

and altered to account for assumed differcnces between the two types
of bursts.

Assuming equal Tireball volumes for the two and a hemispherical
shape Tor the surface burst fireball yp to waximum expansion results
in a radius for the latter that is 21/3 tiwes that for the air burst,
or

R = 7.23 X 10540:333 (t/te)o'128 cmy b=t =t (160)

The dependence of the time of the second maximum on yield for the
model surface burst will be assured to be interiiediate between that
given by EIW and that given by #g. 150 for the uodel air burst; at
1 KT the times at which the sccond :oximum occur will ke taken to
be equal for the two tyves of burst. In other words, the change(s)
in tesperature with tine Tor the surface burst is assured to be
Just a little slower for the suriace burst than ifor the air burst.

" The value of to, according to the above assuptions, is then

ty = 0.0431110 M0 gecs (161)

Substitution of xq. 161 into Eq. 160 gives

0.128
c

N '
R = 1.08x 1070-2Th ¢ my bp= b=t (162)

By again letting the t), and R, dependence yield have the same expon-
ent on i and, ir the value of t, for 1 KI' is taken to be the saune
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as for the model air burst (Bg. 151), the time at vhich maximum
expansion of the fireball occurs is given by

0.314

t, = 0.2060 ec (163)

Substitution of Eq. 163 in Eq. 162 gives

R - 9.22X 103‘\;10'31u em (164)

The temperature at the second naximum for the surface burst
will be assuwmed to be independent of yield so that, from the pre-
vious subsection

T = 6,500 %K (165)

For tlumes just beyond to, the decrease in temperature Eill be assumed
0 be proportional to (t/t,) /3 rather than (t/tp)0-%0. mnis
indtial slower cooling was taken because of thermal reflection and
possible entry of preheated materials from the earth's surface into
the fireball after to. The slover cooling curve was assumed to apply
uptil the Fireball cooled to 2500 °K at which temperature the cooling
rate is increased by use of Hewton's law of cooling to approximate
the shape of the fireball cooling curve at later times. The fire-
ball temperature is then

-1/3 ., '
= 6,500(t/tp) /3 K, t,= L= (166)

3
i

x

or, with Bg. 161

3

i

02,2000 153 =173 oy, =St (167)

where t, is the time at vhich T is 2500 K. Substitution of 2500
for T ir Bq. 167 ~ives

N
b, = 0. 75500 160

£

(168)

4]
o
o
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For times longer than ty, vhere Newton's law of cooling is used,
=T+ (2500-T )e K(t-tx) (169)

in which T, is the external temperature and,K is the cooling constant.
The value of Ty will be taken to be 273 Ok*(0°) and the value of K
can be determined from the differential of Eq. 167 evaluated at tx
and 2500 °K so that Eqs. 167 and 169 join smoothly at that tempera-
ture. Namely

aT/dt

lat ¢ =t (170
5557 sec™t a » 7 (170)

K =

When the appropriate substitutions from Egs. 167 and 168 are rade
in Eq. 169, Eq. 170 is '

'K = o,soBW“O'”60 sectl T (171)

Use of Egs. 168, 169, and 171 to determine the time at which the fire-
ball temperature is 1400°C (1673 °K) gives
ec . (172)

&

t (1400%) = 1.69w0'”60:s

For t (1400°C) equal to 60 sec, W is 2.3 MP. If Bq. 167 were asswaed
+0 apply up to & sees, the yield would be about 1.0 MT. Of the two
yields, the larger value associated -with the more rapid decrease in
temperature helow 2500 oK is probably the better of the two estimates.

The thermal power and energy lost from the fTireball for the
model surface burst, for times after the second thermal waximua, is
calculated for energy transmission from a hemispherical firebhall up
to the time of maximuw:s expansion. At about this time or very shortly
thereafter, the fireball should be breaking clear of the ground sur-
face in its upward rise (see LMW, p. 23, where for L MT the top of
the cloud is at 10,000 £t in about 10.5 sec, at 20,000 ft in 40 sec,
and at 25,000 £t in 60 sec, etc.). For calculating the distribution
of the therwal energy during the fireball rise (until it cools to
1400°¢), it is wore convenient to "remove' the ground surface and
allow the fireball to remain at constant volume with a constant ex-
ternal pressure. In this procedure, the shape of the fireball
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changes from hemispherical to spherical with a decrease in radius.
The fireball volume, however, is assumed to remain constant until -
the temperature falls below 500 °K or at least until the fireball
separates from the surface. The spherical fireball radius at sep-
aration time, t4, with the constant volume assumption, is

R, = 7.32 X 10303 cm, 2t (173)

S

The helght of thE top of the fireball at +his tlme onld then be
ik, 6% x 10303 ¢ and since it was 9.22 X 103wC -3 cm at T
its heipght is increased by 5.42 % 103w0:31t cm between t, end tg.

Using the value of Ry &8s the height of the cloud at ty and

. the data of ENW, Fig. 2.12, for the 1-MT burst, the height of the
cloud top can be represented, with a fair degree of precision, by

2k X 10t 0-TO" oy ¢ =4=60 see (17ha)

by

and

h 6.46 % 10" t0'600 cm, 60 sec=t=390 sec  (17hb)

1]

Since ht is equal to ERS at tg, the use of Eq. 173 can be made to
find tg for the 1-MT yield. It is 4.82 sec. Assuming the equation
form atn for the dependence of R on t between t, and tg and solving
by use of Eqs. 164 and 173 for a 1-MT yield, gives a value of n of
~0.354. Use of the general equations for tm and R with this power
of t gives, for the fireball radius,

= 5.92X 10340425 ¢70-35% o ¢ = =t (175)
The time that the fireball separates from ground surface is then
by 0.5500° 314 gec (176)

The thermal power equations for the time limitations on the temper-
ature and radius functions are four in number. For the hemispherical
shape, the energy radiated between to and t, from the portion of the
fireball in contact wlth the ground is 1ost from the fireball. The
four functions are given by
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P = k.11 X 10801261 1077 carg/ec, tymt=t (177a)
P = 2.18 X 10101320 £-1.585 calg/sec, t =t=tg (1TTb)
p = 2.51 X 1020724 4714333 ang/cee, tomt=t, (177e)
and
P = 5.16 X 1050628 [1 4 30,60 K(8=tx) | 399-2K(t-ty)
+ 2170e"3K(80) | 1300 ¥ (0] a1 pec, £Zt, (1774)

Eq. 177Tb was determined, by Joining Eq. 177a at i, to Eq. 177c
at ty with a straight line in a logarithmic coordinate system, as an
approximation of the change in radiant energy emission occurring with
the change both in temperature and surface area while the shape of the
fireball changes from hemispherical to spherical without change in °
total volume as it rises from the ground.

The radiant energy lost from the fireball, from integration
of Pdt for Eq. 176;1is

ala) = 6.81 x 107 20(1 - 0.603°°%%0 - 0.101470-038)
+ 5.16 X 10640628 [t + wo'“éo(ho6o - 6h.2e"K(t'tx)
3936-2K( 6t} | qh00e-3K(b-t). 2180e"hK(t"?Xﬂ cals (178)

For T equal to 1673 K (1400°C), substitution of the values for K
and (t-ty) into Eq. 178 gives

11w1.126( 0.019

ap(a) = 6.81 X 10 - 0.693W - 0.097W 0" O38) (179)

For a yield of 2.3 MT, Eq. 179 gives a value of qe(a) that is 0.29
of the total weapon yield. It may be noted that Egs. 177 through
179 do not support the postulate that requircs qo(a) to be directly
proportional to W. Since generalized yield limits were used to solve
for q2(a), Eq. 179 is valid for a range of yields for the radiant
energy lost between to and the time at which the fireball tempera-
ture is 1400°C.
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4.2.6 Estimation of n(l)/V for Model Surface Burst

The estimate of n{L)/V for the model surface burst was made
for the soil melting point of 14O0°C. The time after detonation of .
€0 sec was used to minimize, to a degree, errors in the relative
abundance of the short-lived fission product nuclide composition
(many of the half-lives are estimated) and so that computations
would apply to a surface detonation in the megaton yield range.

The discussion in the previous subsections was concerned with
establishing the energy content and gas composition in the fireball
at the time of the second temperature weximum. In order to estimate
the molar concentration of the soil in the fireball at the time and
temperature stated sbove, estimates of the energy utilization between
the time of the second maximum and 60 secs are required. In this
period, the following processes were considered: (1) cooling of the
gases from T4 to 1400°C and liquifaction of the vaporized soil with
a resultant release of energy, (2) associastion of the gas atoms with
a resultant release of energy, (3) loss of energy due to radiation
from the fireball, (4) loss of energy due to expansion of the fire-
ball gases against the atmosphere, (5) loss of energy due to heating
and expansion of additionsl air, and (6) loss of energy due to heating
and melting of a given amount of additional soil. These losses and
gains in the energy among the fireball constituents and external sub=-
stances have to be estimated and balanced in order to estimate the
amount of soil present in the fireball that can be melted at 1h40O0°C
in process (6).

For a temperature of 6500 °K at the second meximum, Fig. 2
gives, for the surface burst .

n = b4.88% 106w moles of gas atoms (180)

'he value of the ratio of nf(gas atoms from the soil) to n(total gas
atoms) from Eq. 145 is 0.395 so that ‘

1

n 2.95 X 108 moles of air gas atoms (181)

1
2
and

1"

5 =1.93X 10% moles of soil gas atoms (182)

n

L]

Upon complete condensation of the soil vaporized at ta, the number
of moles of soil formed would be:26 atoms per molecule




n"(f) = 7.h2 X 10" moles soil | (183)

The computational procedure for estimating the energy releases
and losses for the first four procesges is given by the following
steps: (1) cool the gases from 6500 °K to 1673 °K at constant volume,
(2) recombine the air gas atoms to gas molecules and the soil gas
atoms to liquid soil, (3) subtract the radiant energy emitted, and
(4) expand the gas volume from Vo to V,, against the external pressure
of 1 atm. The gases will be assumed to behave like an ideal mona-
tomic gas so that the energy released in cooling to 1673° is, using
3 cal mole~t deg“l for the heat capacity,

-Q7 = 7.07 X 10'% cals (184)

For the soil compositlon of Nas0°Al,0 6310, (as glven previ-
ously), the single oxide energies were calcu%ated rom Reference 15
data as follows:

144,700 cal/mole

(1) Na,0(s), 298%k—» 2Na(g), 298°k + 0(g), 298°i<, Ar-

(2) Nap0(s), 298°K~» Na0(s), 1673%K, AH = 24,750 cal/mole
(3) o), 298%k—0(g), 1673k . Ar = 6,880 cal/mole
() 2Na(g), 298°%k— 2Na(g), 1673°K, An = 13,750 cal/2 moles
(5) Nag0(s), 1673 — Nas0(£), 1673%K, AH = 7,200 cal/mole

sum:  (1)-(2)+(3)+(8)(5): Nago(L), 1673%k—> 2Na(g), 1673°%K
| + o(g), 1673°K, AH = 133,38 cal /mole
AE = 133,380 - 3 X 2 X 1673 = 123,300 cal/mole

Similar computations fer A1203 and 8102 give, for

696,700 cal/mole

A104(L), 1673°k—y2ak(g), 1673%k + 30(g), 1673°%K,AR

Ax

680,000 cal/mole
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and, for

s102(£), 1673°K—>81(g), 1673°K + 20(g), 1673°K, AH = 412,200 cal/mole
AE = %2,200 cal/mole

For the dissociation of the molecule, NaO- AlEO -6810o( (L) as pure
single component oxides to gas atoms at 1673°K, ZXE 123;700 cal
ver mole of gas stoms formed. The energy of dissociation of the air
molecules 0.8 No(g) and 0.2 0o(g) at 1673%K is 79,hOO cal/mole. = Thus,
for the second process,;

- Q) = 2.95X 10% X 7.9 X 10* + 1.93 ¥ 106W X 1.24 X 10°

= 4.73 X 1001y cals (185)

The radiant energy lost for the 2.3 MI' yleld surface burst is

0.290 X 1.11 X 10%°y : ' (186)

O
i

3.22 ¥ 101 cals

Eq. 185 applies only for W equal to 2.3 MT; for other yields Eq. 178
{divided vy l 11 X 1012W) can be used to estimate Q3 ,
The fireball volume at the second maximum, from Eq.-l60,.is
Vo = 7.92 X 10M% cm3 ' (187)
and the volume at meximum expansion, from Eq. l6§, is
Vp = 1.64 X .'!.OJ‘ZWO'9)+2 em3 (188)
The change in volume is

Av = 1.6h x 10%% [w“°'°58-o.u82] (189)
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or; for the 2.3 MT yield (W-O.OSU = 0.638),

-V = 1.05 X 10%%W cnd (190)

and

>
<
1i

2.56 X 107 cm3 | (191)

The work assoclated with the expansion of the origimal fireball
gases against 1 atmosphere is (1 cal = 41.29 cm3-atmospheres)
= p_ Qv = 0.062 x 101 cals (192)

When the fireball reeches its maximum volume in expanding
against the atmosphere, the total internal pressure in the firebsll
should be very close toc the external pressure, which, for the model
surface burst, has been taken to be 1 atmosphere. The total number
of air molecules (plus a small amount of gaseous detonation products)
in the fireball at 1400°C, by use of the perfect gas. law, is then ‘

np = 2.20 X 107092 noles (193)
or; for 2.3 mr (w2 - 0.638),
g = 7.66 X 10% moles S (198)

With the exception of the Nay0 component, the partial pressure of the
Msoil" at its melting point should be negligible in comparison to a
total pressure of 1 atmos.

The number of air molecules that have entered the fireball up
to this time, neglecting the Najs0 soil component, is

ng = g - 0y/2 | (195a)

T,

= 1.20 X 10'W [w‘°'°58 - 0.123] moles (195b)
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or, for 2.3 MT (Ww-0-058 = 0.638)
ng = 6.18 X 105 moles (196)

This number of moles of air is sbout 81 % of the gas molecules
present in the fireball.

The change in internal energy of %the air molecules in being
' heated from 298 9K to 1673 °K is 10,800 cals/mole. The total change
in internal energy for this is

Axs = 1.30 x 208w [w0-0%8 . 0.103] cale (297)

For the nq moles of air initially at 298 dK and 1 atmos, the energy,
or work, Trequired for their expansion to V, (against 1 atmos).is

a5 = 327 X 101% [w*°-°58 + 0.027] cals (198) :

. Bome energy is slso required for the mechanical mixing of the
incoming gases with the gases already present in the fireball. The
postulated assumption that the fireball volume remains constant after
_ ty until the gases are near embient (i.e. 500 °K or lower) would re-
quire either that external gases enter before t, or that the internal
pressure be larger than 1 atmos. The yield-independent perfect gas
law estimate of the pressure at tp is 3.3 atmos. If no additional
gases enter before t,, the pressure at t, would be 0.8 wO-10 atmos,
or 1.9 atmos f0£ the 2.3 MI' yield. The temperature at this time is
3.46 X 103 wO.048 Ok, or about 5000 9K for 2.3 MT' so that recombina-
tion of the gas atoms would be occurring at this time. By the time
the temperature decressed another 1000 K, most of the O and N atoms
would have recombined (note that the formation of nitrogen oxides
has not been considered in this treatment) to form Op and Np atoms;
also, many of the metallic atoms would have formed oxide molecules.

. The recombination should result in a drop in the pressure (between
4000 and 5000 °K) of about 30 % not considering the drop in tempera-
ture. At about 2500 K, the soil comstituents will start condensing
into liquid droplets. This process should also tend to reduce the
pressure further. -

Assuming complete recombination when the fireball has cooled
to 4000 °K, the number of gas molecules of the material originally
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present at t, would be 3.41 X lO6W moles soO théf the number of addi-
tional air molecules would be; from use of the perfect gas law,

ng (4000%K) = 5.00 X 10% (pw©+958 _ 0.682) moles (199)

vhere P is the total pressure of the gases 1n atmospheres. For n
equal to zero; the pressure would be about 1.l atmos for the 2.3 MT
yield. If the additional gas were as much as 25 % of the +otal
present, the pressure would be about 1.4 atmos (2.3 MT).

For a reliable estimate of the mixing energy, the variation of
"the gas concentration of content in the fireball (e.g., the total
pressure) with time is required. Since that cannot be deduced from
the scaling equations, the end-point composition will be used to esti-
mate the entropy and heat of mixing for a process in which the gases
are at the same initial temperature and pressure when mixing occurs.
For the computation, the mixing process will be assumed to occur at
3300 °K (mid-temperature of 5000 °K &t t  and 1673 OX) the heat of
mixing is then given by - ' T '

al = 3300 ny As (200)

where ZXS is the entropy of mixing at constant temperature and pres-
sure. This computation can be interpreted either as a recognition
that the gases are nonideal and some heat of mixing is involved, or,
that the gases are nearly ideal and the entropy change due to mixing
at the selected temperature is essentially a measure of the reversible
work required to do the mixing. The overall value of ZSSm (constant

T and P) for the estimation is defined by

~lem = -R [(né/nT)in(né/nT) + (n3/nT)fn(n3/nTﬂ 7 (gol)"
For the final mixture, lem is 0.98 cals/mole and
qé = 3.88 X 101040942 coqg (20@)-

The total energy for the heating, expansion, and mixing of the air,
is the sum of Egs. 197, 198, and 202 and is given by
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Qi = 2.02 X 10MW [w"°'°58-o.o75] (203)
or, for 2.3 MT (w058 = 0.638)

Q) = 1.1k X 10M1y (204)

The summation of Bqs. 184, 185, 186, 192 and 20L4 gives a residual of
1.02 X 104! ¥ cals for heating and melting soil. If the temperature
were uniform throughout the fireball and if the soll particles melted
instantaneocusly, only liquid soil would exist. This condition un~
doubtedly does not occur because of the low thermal conductivity of

“solls. Many of the particles that enter the fireball at the time the

highest temperature for the existence of & liquid phase is reached
(about 2500 °K)} would be completely melted (it takes about 33 secs

'for the temperature to drop from 2500 ®K to 1673 °K for the 2.3 MT

yield) while those that werc entering just as the melting temperature
occurred would not be melted at all. The latter would, however, be
heated to some degree and therefore would have absorbed some of the
available energy -- as would the s0lid phase in the interior of other
particles that entered at intermediate times and were partially melted.
Considering that more soil would be vaporized between to (1.5 sec) and
the time at vwhich the temperatire has decreased to 2500 °K at t, (27
secs) together with the melting of additional soil from 2500 oK to .
1673 °K, the fraction of available energy for melting should lie
between 0.25 and 0.75. Thus, the final proportionment of the energy,
like others previously, is an ass}§ned amognt; the fraction, 0.5 of
the residual energy, or 0.51L X 10° W cals.for the 2.3 MT yield, was

‘taken to make the estimate of the number of moles of liquid soil pre-
_sent in the fireball at the selectedisoil melting point. _

The change in heat content of s0il minerals such as ﬁ@e ideal
soil defined previously, for a rise in temperature from 298 K to
1673 °K, would be about 200,000 cel/mole. The heat of fusion would
be about 50,000 cal/mole. The number of moles of melted soil is then
n(f) = 2.0% X 10°W + 0.74 X 10°W moles (205a)
= 2.78 X 10% moles (205b)

And, for the 2.3 MT yield, the average concentration of the liquid
phase in the fireball is
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n(ﬂ)/vm = 2.65 X 1077 moles/cm3 - (206)

The value of (n(f)/V)RT (T = 1673°K) is then 3.64 X 102 atmos-
pheres; it is used in Section 7 to compute the fraction of each fission
product element that has condensed into the llquld phase of the 1deal—
ized carrier material.

Not considering the amount of soil waporized initially (up to
ta), which by Eq. 205 was about 0.27 of n(f), only 4.6 % of the total
energy was used to melt soil for the 2.3 MT yield surface burst. For
a low yield tower shot, Adams® estimated that about 3 % of the total
energy was used in heating soil and tower materizls. The total energy
content of the liquid soil at its melting point therefore represents

‘about 6.3 % of the total. According to Eq. 205, the total mass of
1liquid soil is 3.4 X 101} gm (about 350,000 tons); this mass, from

Eq. 88 represents about 5. h % of the mass thrown out of the crater
by the 2.3 MT yield detonation.

No argument can be given regarding the accuracy of the fire-
ball scaling functions and the thermal data used 16 arrive at the
final value of n(£)/V. Certainly meny improvements can be made with
more detailed treatment of the many parameters when more of the needed
data become unclassified. The treatment of the data in this section,
although preliminary in scope, has identified some types of information
and parameters required, and has attempted to place them in s concep-
tual framework with respect té their role 1n the fallout formation
process.
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SECTION 5

N YIELDS FOR FISSION OF U239, U238, amp pu39

J R

One major factor that determines the amount of & fission product
that condenses during the first period of condensation is the amount
of that element present in each of the mass chains when the carrier
solidifies. According to the equations given in Section 2, the frac-
tiopel. chain yield of each element is required for estimating the
et pactor for the chain relative to the number of fissions, or o
the yield of Mo99 or some other reference nuclide.

 The independent yields of all the radionuclides have been cal-
culated by Bolles and Balloul3 for thermal neutron fission-of ue3s
according to the theories of independent fission yields of Glendenin17
and of Present.l® The fractional chain yields from these calculations
are given from O to 189 sec in Table 5 for mass 89 and in Table 6 for
mass 140; each chain contains & rare gas (Kr and Xe) element. The
two mass chains selected lie on the outer edge of the two yleld peaks.
In each case, the independent yield distribution according to the
Glendenin theory is the broader; with the short-lived, lowest-Z
elements more heavily weighted. This difference diminishes as the
mass number approaches the value 118.

The fractional yields themselves indicate what might be expected
a6 to the fractionation of the chain members during condensation.
For example, if the rare gas member only is considered, the maximum
loss (minimum amount condensed) should occur for mass 89 between 19
and 28 secs (Glendenin); and for mass 140, the fraction not condensed
{for both theories of yield) should decrease as the time period of
the condensatlion process increases.

Similar calculations have not been made for the independent yields,
for fission of 1235 and Pu239 with fission-spectrum neutrons nor for
1238 fission with 8 Mev broad-band gpectrun neutrons which would be
more applicable to nuclear detonstions. Moreover, the chain yields
themselves for Pu239 and U230 fission are not very well known. Most
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of the avellable data and estimates of unmeasured yields are summar-
ized in Table 7 for the fission of U237, U238, and Pu239. The bulk
of the data were tgken from the summary by Kateoff.l9 The yileld
curve for thermal neutron fission of U230 gives an average value

of 2.5 neutrons per fission. For fission-spectrum neutron filssion

of U239, an average value of 3.1 neutrons per fission is obtained.
These values, together with the referenced data in Table 7, were

used to obtain a set of gtylized yield curves for fission-neutyon
fission of U235 and Pu239 and the 8 Mev-neutron fission of U239,

In each case, the fission by fission-neutrons was assumed to yield
about 3 neutrons per fission and the 8 Mev-neutron fission to yield

Lt neutrons per fission. For this change in neutron yield pver fission
with neutron energy, li-Mev neutron fission would give sbout k.5 neu-
trons/fission. The increase in the neutron energy from thermal to
flgsion-spectrum energies shifted the right side of the heavy-element
peak to heavier masses by about 1/4 mass unit (for the same yield).
Where there was no date to indicate possible changes in the "fine"
structure shape of the yleld curve at the peak, the general shape

of the thermal-neutron yield curves was retained but adjusted in
height so that the peak sum was reasonably near 100.0. The large
discregancy in the rare earth yields for thermal neutron fission

of Pu2 9, between Katcoff's values and those given by Bunney,20

may be due to persistent errors in the counter calibration. The
yield values given by Bunney are lower by a factor of 1.5 at mass
number 14l and approach Katcoff's values &s the mass increases; at
mass number 156, Bunney's value is only about 20 percent lower. -The
values given by Katcoff give a peak sum nearer 100 and were therefore
~used in Teble T.

Comparison of the cumulative chein yields at the two peaks (A =
90 to 100 and A = 131 to 1hh) for the various types of fission in-
dicates that no very large differences in the decay rates should be
. ‘expected. Of the three mentioned yield curves, the vields for

fission-neutron fission of Pu239 appear to differ most from those of ther-

mal newtron fission of U235. TFor mass numbers such as 140 and 95 whose

radioisotopes may contribute more than 80 percent of the total gamma
radiation at specific times after fission, the largest percentage
difference is 5.0/6.4li, or 28 percent (lower) for mass number 140
and 5.6/6.27, or 11 percent (lower) for mass number 95. The yield
of mass number 90, however, is significantly lower for U238 (8 Mev
neutrons) and Pue39 (fission neutrons); the percentage differences
_ are 36 percent (lower) and 48 percent (lower), respectively. The
yields of mass number 137 are all more nearly alike. The largest
differences, of course, occur for the mass nunbers in the valley
between the peaks and those at the highest and lowest mass numbers.
But even for U238 fission (8 Mev neutrons), vhere the yields of the
mass numbers near 118 are more than a factor of ten larger than for
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U°35 fission (thermel neutrons), the contribution of these elements
will be & small fraction of the total activity.

The "R" factors due to the different yields will be more sen-
sitive to small changes in abundances than the gross decay curve.
Using the U235 fission with thermal neutrons as a standard, the
yield "R" factors for mass 144, for example, are 0.89 (U235, fis-
sion neutrons), 0.7k (U238, 8 Mev neutrons), and 0.87 (Pu239,
fission neutrons); for mass number 115 the respective yield "R"
factors are 1.6, 14, and 6.8.

~ For the computations presented in the next two sections, the
independent yields as calculated by Bolles and Balloul3 for thermal
neutron fiselon of U235 were converted to fractional chain yields.
The same fractional chain yields were then used for all fission
yleld curves.

Although it appears that Glendenin's symmetrical charge-distri-
bution curve is generally appliceble for all fissile nuclides in
low~energy neutron fission, it has been shown that the most probable
charge, Zp, for a given mass split shifts toward stability with in-
creasing neutron energy; il.e. the higher fractional yields would
appear farther to the right (higher ) in any decay chain.2l Pappas?22
used a discontinuous function for % 3nd considered the primary frag-
ments before neutron boil-off; Wahl <> has shown empirically however
that the Z, function in thermal fission of U235 is continuous, as
originally postulated by Glendenin et al.2l Herrington25 proposes
two charge-distribution curves, one for even-neutron nuclides and
another showing lower yield for odd-neutron nuclides. -

" It is clear that there is no umequivocal choice in methods for
estimating the independent yields of the chain members, even for
thermal neutron fission of U235. For higher-energy fission the
experimental data on independent yield are rarer yet. It was there-
fore assumed that the fractional independent yields caleculated by
Bolles and Ballou on Glendenin's postulate for thermal fission of
U235 would not be too inappropriate for any kind of low-energy
fission. When more data on the total chain yields and the inde-
pendent yields are available for each fissile nuclide, the indicated
corrections can be applied to the computations.
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Cumulative Mass-Chain Yields of Fission Products
(Values are in percent of fissions)

Mass u235 - 0238 ) Pu239
Number  Thermal Fission TFission B=Mev Thermal -Fission
Neutrons* Neutrons Neutrons Neutrongs Neutrons Neutrons
72 1.6x10'f b.6x10°% 5.0x10"6 - 1.2x10-%
73 1.1x107}  0.0012  3.7x107 - 2.2x10-ﬁ -
Th (3.2x10°7)" 0.0034 1.1x10™"  0.001 L.1x10-} . 0.0011
75 (8.8x10-%)  0.0062 8.3x10-%  0.00k0 7.5x10"4 0.0023
76 (0.0029) 0.012 0.0012 0.0078 0.001L 0.0051
7 0.0083 . 0.023 .0.0038% . 0.01k 0.0026 0.011
78 0.021 0.048 0.0095 0.026 0.00k9 0.025
79 (0.041) 0.096 0.019 0.053 0.0090 0.043
80 (0.077) 0.19 0.0k5 0.096 0.016 0.075
81 0.14 0.21 0.088 0.18 0.030 0.1k
82 (0.29) 0.50 0.20 0.35 0.056 0.23
83 0.544 0.80 0.4o* 0.66 0.10 0.37
8l 1.00 1.3 0.85% 1.02 0.17 0.60
85 1.30 1.85 0.80 1.hs 0.26 0.92
86 2.02 2.5 1.38% 1.9 0.45 1.15°
87  (2.94) 3.3 1.90 2.25 0.73 1.5
88 (3.92) L.o 2.45 2.7 1.2 1.9
89 L9 5.1 2.9% 3.17 1.9% 2.4
Continued

#Seymour Katcoff, Fission-Product Yields From U, Th and Pu,
Nucleonics, Vol. 16, No. &, p. 78-85 [1958}. ’

**L.R. Bunney, E.M. Scadden, J.0. Abriam and N.E. Ballou, Radio-
chemical Studies of the Fast Neutron Fission of U230 and U230,
Second UN International Conference on the Peaceful Uses of

Atomic Energy, A/Conf. 15/P/643, USA, June 1958.
*%%C P, Ford, J.S. Gilmore, et al, Fission Yields, LADC-3083.

FArS

**¥¥L.R. Bunney, E.M. Scadden, J.0. Abriam, N.E. Ballou. Fission
Yields in Neutron Fission of Pu239, USNRDL-TR-268, 1958, Uncl.

a. Parentheses indicate estimated values or where Katcoff's value
was altered in order to adjust the yields to a gross sum of 100
in each peak. .

b. Line indicates division of two peaks that was used for individual
peak sums.
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TABLE 7 (Cont‘d)

Cumulative Mass-Chain Yields of Fission Products
(Values are in percent of fissions)

. 1235 y238 pu239
Nohey _Thermal  Fission Tissfon ~ BMev  Thermal Fission
Neutrons*  Neutrons Neutrons Neutrons Neutrons Neutrons
90 5.77 5.8 3.0% 3.7 2.4 3.0
91 5.84 5.85 3.6 h.3 3.0 3.7
92 6.03 6.0 k.1 4.8 3.7 bk
93 6.45 6.4 4.85 5.2 L.6 5.0
I 6.40 6.k 5.3 5.45 £.5 5.4
95 6.27 6.3 5. 1% 5.6 5.9% 5.6
96 6.33 6.3 5.8 5.7 5.7 5.3
97 6.09 6.1 5.7 5.6k 5.6% 5.0%
98 5.78 5.8 5.7 5.6 5.4 5.4
99 6.06 6.1%* 6.3% 6.2%% 5.9% 5,9%
100 6.30 6.7 6.1 6.4 6.0 6.4
101 5.0 5.3 5.5 5.5 6.0 5.9
102 . Lk 2.9 5.6 5.9 5.9 5.3
103 3.0 1.7 6.6 5.0 5.8% 4.6
10L 1.8 0.95 5.4 3.2 5.0 3.5
105 10.90 0.5h4 3.9 2.2 3.9% 3.2
106 . 0.38 0.30 2.T* 1.5 5.0% 3.6
107 0.19 0.17 1.35 1.0 4.0 3.1
108 (0.085) 0.095° 0.67 0.70 3.0 2.6
109 (0.039) 0.053%*% (.32% 0.48 1.5% 1.9%
110 (0.020) ¢.030 0.15 0.33 0.65 0.81
111 (0.015) 0.022%%%  0.073*% 0.23%%%  0,27% 0.34
112 (c.013) 0.020%%*% 0.046* 0.19 0.10% 0.1h%
113 (0.012 0.018 0.043 0.17 0.055 0.090
114 (0.011) 0.017 0.0k1 0.16 0.046 0.075
115 0.0104 0.017%%% 0.040%* 0.15%%%  (0,0L1* 0.069%
116 0.010)® 0.017 0.039 0.1k 0.039 0.065
117 %maw) 0.017 0.039 0.14P 0.038 0.06k
118 (0.010) 0.017 0.0koP .1k 0.038P 0.064P
129  (0.011) 0.017 G 0k 0.1k 0.039 0.06%

Continued
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Cumulative Mass-Chain Yields of Fission Products
(Values are in percent of fissions)

e

TABLE 7 (Cont'd)

e

| y?35 238 Pu239

Mass Thernal Fission Fission O Mev Thermal Fission
Number Neutrons¥* Neutrons Neutrons Neutrons Neutrons HNeutrons
120 (0.011) 0.018 0.0hk2 0.15 0.041 0.065
121 (0.012) 0.020 0.0kl 0.16 0.0k 0.066
122 (0.013) 0.022 0.046 0.17 0.047 0.069
123 (0.015) 0.030 0.050 0.19 0.052 0.076
124 (0.017) 0.053 0.055 0.23 0.058 0.082
125. 0.02L 0.095 0.072 0.33 0.072% 0.14
126 (0.058) 0.17 0.175 0.48 0.175 0.35
127 (0.145) 0.30 0.39 0.70 0.39% 0.80
128 0.37 0.54 0.77 1.0 0.77 1.9
129 0.90 0.95 1.45 1.5 1.h5 2.5
130 2.0 1.7 2.5 2.2 2.5 3.2
131 (2.88) 2.9 3.0% 3.2 3.8% 3.8

. 132 (4.31) h.3 4 7 bk 5.0 L.6
133 (6.48) 6.1 5.5% 5.4 5.27% k.9
134 (7.80) 7.3 6.6% 6.5 5.69% 5.2
135 (6.4%0) 6.3 6.0% 5.9 5.53% 5.1
136 (6.36) 6.4 5.9% 5.8  5.06% 5.3
137 (6.05) 6.0 6.2 5.85 5.24% 6.4x
138 S5.Th 5.7 6.4 “5.9° 5.5 5.h
139 (6.34) . 6.1 6.5 6.0 5.7% 5.2
140 i 6.k 5.7% 5.6 5.68% 5.0%
k1 (6.30) 6.3 5.7 5.5 5.0% L.7
1k2 (5.85) 5.9 5.7 5.4 6.69% k.9
143 (5.87) 5.8 5.5 k.97 5. L% 5.0
Lhh 5.67 5.1%% h.o% Ly 3%x 5.29% 4.8
15 3.95 h.2 3.7 3.7 h.ohx L.
146 3.07 3-3 3.1 3.17 3.53% 3.7
147 2.38 2. 5%% D.6%* D.TH% 2.92% 3.0
148 1.70 1.85 2.0 2.27 2.28% 2.36
1h9 1.13 1.3%% 1.45 1.9%% 1.75 1.86
Continued
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TABLE 7 (Cont'd)

Cumulative Mass-Chain Yields of Fission Products
(Values are in percent of fissions)

Mass yR35 7 238 pue39
Nunber Thermal Fission Fission 8 Mev Thermal Fission
Neutrons* Neutrons Neutrons Neutrons Neutrons  Neutrons

150 0.67 0.80 1.05 1.45 1.36%

1.48
151 o.b5 0.50 0.Th 1.02 1.08 1.16
152 0.285 0.31 0.50 0.66 0.83% 0.92
153 0.15 0.19%* 0.32 To0xx 0.52 0.60
154 0.077 0.096 0.19 G.25 0.32% 0.37
155 - 0.033 0.0L48 0.11 0.15 0.20 0.23
156 0.01k4 0.023%%  0.066% 0.092%%  0.l2% 0.1k
157 0.0078 0.012 0.034 0.057 0.06k4 0.075
158 0.002 0.0062 0.016 0.032 0.034 0.043
159 0.00107 0.0034*% 0.0090%%  Q.0LT*¥  (0.020%%%% 0.025
160 3.5x10-4 0.0012 0.0036 0.0085 0.0092 - 0.011
161 7.6x10-5  h.6x10-b%0 hx10-k  0.00kh#% 0.0038%%%% 0.0051

*Seymour Katcoff, F1SS1on-Product Yields From U, Th and Pu,
Nucleonies, Vol. 16, No. 4, p. T8~-85 (1958).

*¥[,.R. Bunney, E.M Scadden,; J.0. Abriam and N.E. Ballou, Radlon
chemical Studies of the Fast :Jeutron Fission of U23D and U
‘Second UN International Conference on the Peaceful Uses of
Atomic Energy, A/Conf. 15/P/643, USA, June 1958.

*¥*%G.P. Ford, J.S. Gilmore, et al, Fission Yields, LADC~3083.
#%%¥L.R. Bunney, E.M. Scadden, J.0. Abriam, N.E. Ballou. Fission
Yields in Neutron Fission of Pu239, USNRDIL-TR-268, 1958, Uncl.

a. Parentheses indicate estimated values or where Katcoff'’s value
was altered in order to adjust the yields to & gross sum of 100
in each peak.

b. Line indicates division of two peaks that wes used for individual
peak sums. .
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SECTION 6

-

CALCULATION OF DISINTEGRATION RATES, PHOTON EMISSION RATES,
PHOTON-ENERGY EMISSION RATES, AND ATR-IONIZATION RATES
FROM NORMAL FISSION PRODUCTS OF U235, y23%, AND Pue39

6.1 DESCRIPTION OF COMPUTATIONS

In making the computations, the fractional chain yields were
taken to be the same for all fissile nuclides as were discussed in
- Bection 5. For this stipulation, the disintegration rate per fis-
sion of a given fission product nuclide from each fissile nuclide
differs only by & constant. It was therefore convenient_ to use
the disintegration rates calculated by Bolles and Balloul3 for
thermel fission of U23) and multiply them by the ratio of the
yields from the fissile nuclide of interest to that from the ther-
mel fission of U237, in order to obtain the disintegration rates
desired. These ratics are the same as the yield "R" wvalues given
in Section 3. The summation over all masses time-wise glves the
total fission product disintegration rate.

Where decay schemes of individual fission products are known,
gamma ray characteristics may also be computed. If the particular
characteristics are evaluated per disintegration of each radionuclide,
each disintegration rate value can be multiplied by the appropriate
factor time-wise and the products for all nuclides summed to give
the total characteristic of the mixture.

The disintegration rates, photon emission rates, photon energy
emlssion rates, and air ionization retes were computed for times
extending from 45.8 minutes to 25.7 years after fission for the 3
fissile nuclides. The first three rate curves were calculated for
10" fissions; the last was for the air ionization 3 £t above a smooth
infinite plane uniformly contaminated with 10k fissions/sq ft. The
required baslc decay scheme information was taken from & previous
report20 and a current revision2T including nuclear data through
July 1959. Details of the method of calculation of the air
ionization rates heve been published.28
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6.2 RESULTS OF COMPUTATIONS

The results of the computations are summsrized in Table 8 as
decay date for thermal-neutron fission of U235 fission-neutron
fission of U235, 8 Mev-neutron fission of U23 sy thermal-neutron
fission of Pu23Y, and fission-neutron fission of Pu239. The use
of Katcoff's yileldsl9 (adjusted) for thermal fission give disin-
tegration rates that are almost identical with those of Bolles
and Ballou. The air ionizations (U235, thermal) are also very
close to those of Reference 19; at 2.4 hr, they are about 8 % higher
and at 2.6 y they are about 19 % lower {(maximum fluctustion).

Dolan2?,30 has calculated the disintegration rates and photon
emission rates for 14 Mev neutron fission of U238, ratios of hls
values to those in Table 8 for the 8 Mev neutron fission of U238
are given in Fig. 3. It may be ncted that the disintegration
rates are within 5 % of each other from 1 to about 350 hours; the
agreement in the photon emission rates is not quite as good, with
Dolan's values being more than 10 % lower after 40 hra. The maxi-
mum spread is +5 % (75 h) to -12 9% (2500 h) for the d/s computations
and +3 % (7.5 h) to -17 % (1200 h) for the photons/sec computations.
A few more photons were counted in the method by which the data in
Teble 8 were obtained than by the method used by Dolan (chiefly
in the energy range 0 to 20 Kev).

The air ionization-rate curves from each type of fission are

of chief interest; these are compared in Figs. 4 and 5 in terms
of an air ionization "R" factor. The factor, rp,, is the ratio
of the air ionization-rate from one type of fission to that from
thermal neutron fission of U233. fThe fluctuation in the curves of
Figs. 4 and 5 reflect the relative prominence of the important
gamma, emitters in each mixture. The deviation in ra._ from the
value 1 is a measure of the difference in the ionization rate from
that of the U235 thermal fission reférence curve. The order in the

deviations, from least to most, is: §l) fission neutron fission
nP 0235, (2) 8 Mev neutron fission of U2 (3) fission neutron
fission of Pu239, and (4) thermal neutron fission of Pu239. fThe
maximum relative deviation for the first three {combined) is from
-16 % (2.5 h) to +5.5 % (110 h) between 1 and 7000 hours after
fission. However, between 2 and 3 years after fission the U238
(8 Mev) rp, value is almost 1.6 and the Pu239 (fission) rpp value
ig almost 2.2, reflecting the higher ylelds for the rare earth
elements (heavy mass peak).

The two main factors that determine the gross decay of the
normal product mixtures (besides the half-lives and the individual
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TABLE 8

Decay of Normal Fission Products From U235, U238 ana Pu239
1. dis/sec for 10% fission (Glendenin)

Age - - ye3 U238 - Pul39

Years Days Hours Thermal Fission (8 Mev) Thermal Fission

.618 i.558 1.536
1.12 072 .076 1.043 1.008 - 1.001
1.64 .6860 .6033 0.6578 0.6253 0.6260

0

0

0

0.763 1 1
1 1
0 0

2.40 0.4361 0.4h5h 0.4152 .3867 0.3936
0 0
0 0

.615 1.598

3.52 .2818 .2908  0.26901 2073 0.2568

5.16 1847 1916  0.1780 1640 0.173h

7.56 0.1228 0.1271  0.1195  0.1117  0.1186

11.1 (1) 8171 (1) 8393 (1) 8000 (1) 7661 (1) 8036

6.2 (1) 5280 (1) 5373 (1) 5201 (1) 5107 (1) 525

23.8 (1) 3311 (1) 3351 (1) 3291 (1) 3304 (1) 3318

1.h5 34.8 (1) 2037 (1) 20k2 (1) 2049 (1) 2092 (1) 2062

2.13 51.1 (1) 1223 1) 1219 (1) 1250 (1) 1297 (1) 1260

3.12 Th.9 (2) 717 (2) T38L (2) 7698 (2) 8062 (2) 7751

.57 (2) L787  (2) 4778 (2) 4978 (2) 5205 (2) 4982

6.70 (2) 3239 (2) 3236 (2) 3323 (2) 3448 (2) 3290

9.82 (2) 2227  (2) 2222 (2) 2247 (2) 2318 (2) 2198

4k (2) 1523 (2) 1502 (2) 1501 (2) 1548 (2) 1453

21.1 (2) w25 (2) 1001 (2) 1002 (2) 1036 (3) 9635

30.9 (2) 6823 (3) 6603 (3) 6662 (3) 6910 (3) 6385

b5 (3) 4456 (3) ker7 (33 4365 (3) sk (3) higl

66.4 (3) 2872 (3) 2743 (3) 281k (3) 2961 (3) 2733

97. - (3) 1838 (3) 176k (3) 1790 (3) 1925 (3) 1780

143 (3) 1117 (3) 1088 (3) 1082 (3) 1170 (3) 108

208 (4) 6162 (4) 6078 (h) 5938 (&) 7133 () 6507

301 (4) 3192 (b) 317% (4) 310 (k&) 4175 (L) 3722

1.2 438 (4) 1676  (4) 1666 (4) 1710 (4) 2506 (L) 2185

1.78° 650 (5) 9854 (5) 9766 (L) 1025 (4) 1538 (L) 1341

2.60 (5) 6010 (5) 5978 (5) 6236 (5) 8855 (5) 7926

3.80 (5) 3715 (5; 3732 (5) 37hO (52 4617 (5) L4ho6

5.58 (5) 2479 (5) 2536 (5) 2359 (5) 2332 (5) 2k(9

8.18 (5) 1915  (5) 1987 (5) 1731 (5) 1hk9 (5) 1683

12.0 (5) 1509  (5) 1580 (5) 1323 (5) 1036 (5) 1253

17.6 (5) 1189 (5) 1261 (5) 1027 (6) 7922 (6) 9719

25.7 (6) 9079 (&) 962k (6) 781k (6) 606L (6) Th65
Continued




TARLE 8 (Cont'd)

Decay of Normal Fission Produgts From ye3s 5 U238 , and Puc39
2. betas/sec for 10" fissions (Glendenin)

et e
—

Age ye35 y238 pul39
Years Days Hours Thermal  Fission (8 Mev) Thermal Fission
0.763 1.54h 1.543 1.527 1.482 1.466
1.12 1.009 1.015 0.9816 0.9432  0.9398
1.6h 0.6358 0.64k4L 0.6076 0.572k4 0.5767
2.40 0.3983 0.4081 0.3763 0.3k457 0.35h2
3.52 0.25h7 0.2637 0.2402 0.2170 0.2272
5.16 0.1655 0.1722 0.1571 0.1420 0.1515
7.56 0.1088  0.1130 0.10k2 (1) 9556 0.1025
11.1 (1) 7159 (1) 7377 (1) 6932 (1) 6518 (1) 6892
16.2 (1) 4581 (1) 4680 (1) Mho6 (1) L3k6 (1) Lu8h
23.8 (1) 2866 (1) 2905 (1) 2860 (1) 2840 (1) 2853
1.45 34.8 (1) r181 (1) 1697 (1) 180k (1) 1831 (1) 1802
2.13 51.1 (1) 1093 (1) 1095 (1) 1125 (1) 1165 (1) 1130
3.12 7h4.9 (2) 6837 (2) Ti17 (2) 6847 (2) Th50 (2) T166
h.sT - (2) k532 (2) 4558 (2) 4698 (2) Lo1l (2) k709
6.70 (2) 3102 (2) 3130 (2) 3155 (2) 3268 (2) 3128 -
9.82 (2) 2143  (2) 2158 (2) 2121 (2) 218 (2) 2076
1h.h (2) 1455 (2) 1460 (2) 1hoh (2) 1ko . (2) 1360
21.1 (3) 9701  (3) 9T0L (3) 9216 (3) sk (3) 9856
30.9 (3) 6373 (3) 6350 (3) 5999 (3) 6158 (3) 5740
45.3 {3) 4108 (3) 4083 (3) 3852 (3} 3963 (3) 369%
66.4 (3) 2632 (3) 2608 (3) 2459 (3} 2559 (3} 2390
97.3 © - (3) 1697 (3) 1684 (3) 158L (3) 1690 (3) 1579
143 (3) 1025 (3) 1025 (L) 9610 (3) 1075 (L) 9900
208 (h) 5919 (&) 5920 (k) 5587 (4) 6756 (k) 6167
301 (k) 3113 () 311¢ (%) 3033 (L) botOo (kM) 3616
1.2 438 (4) 1639 (4) 1620 (4) 1666 "(h) 2u&y (k) 21k0
1.78 650 (5) 95k2  (5) 9455 (5) 9922 (L) 1511 (&) 1307
2.60 (5) 5708 (5) 5680 (5) 5921 (5) 8595 (5) 7605
3.80 (5) 3419 (5) 3ube (5) 3bbk (5) k36 (5) TEOS
5.58 (5) 219k  (5) 2257 (5) 2080 (5) 2089 (5) 2181
8.18 (5) 1643 (5) 1723 (5) 1469 (5) 1218 (5) 1hol
12.0 (5) 1255 (5) 1343 (5) 1082 (6) 8220 (6) 9919
17.6 (6) 9621  (5) 10kL (6) 812k (6) 6002 (6) 7378
25.7 (6) 7129 (6) T737 (6) 5974 (6) bhiz (6) 5h56
Continued




TABIE 8 (Cont'd)

Decay of Normal Fission Products from U237, 1238, and pu®3?

photons /sec for 10

fissions (Glendenin)
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TABLE 8 (Cont'd)

Decay of Normal Fission Products From U235, U238, and Pu239
L. photon-Mev/sec for 104 fissions

S

==

Age U235 U238 pul39
Years Days Hours Thermal Fission (8 Mev) Thermal Fission
0.763 1.856 1.853 1.720 1.633 1.605
1.12 1.243 1.2hk0 1.147 1.084 1.065
1.6 0.7757 0.7770 0.7127 0.6656 0.6550
2.40 0.4550 0.h61h 0.4170 0.3813 0.3795
3.52 0.2584 0.2664 0.2379 0.2118 0.2170
5.16 0.1463 0.1529 0.1368  0.1190 0.1271
7.56 (1) 8549 (1) 8983 (1) 8172 (1) TOhk (1) 7786
11.1 (1) s212 (1) shshk (1) 5096 (1) hh63 (1) hoko
16.2 (1) 3120 (1) 3239 (1) 3113 (1) 2811 (1) 3053
23.8 (1) 187 (1) 1868 (1) 1844 (1) 1731 (1) 1826
1.k5 34.8 (1) 1068 (1) 090 (1) 1093 (1) 1063 (1) 1086
2.13 51.1  (2) 6328 (2) 6431 (2) 6521 (2) 6593 (2) 6495
3.12 Th.9  (2) 3897 (2) 397% (2) o6k (2) ba3h (2) Lok
k.57 (2) 2570 (2) 2643 (2) 2695 (2) 2845 (2) 2669
6.70 (2) 1751 (2) 1810 (2) 1817 (2) 1918 (2) 1778
Q.82 (2) 1199 (2) 1236 (2) 1216 (2) 1275 (2; 1170
-1kl (3) 8006 (3) 8199 (3) 7926 (3) 82u7 (3) ThdL
21.1 (3) 5202 (3) 5273 (3) 5068 (3) 5253 (3) W726
30.9 (3) 3226 (3) 3229 (3) 3125 (3) 3252 (3) 2911
k5.3 (3) 1862 (3) 1831 (3) 1809 (3) 1906 (3) 1706
66.4 (3) 1038 (k) 9996 (3) 1011 (3) 1086 (k4) 976k
97.3 (b) 6179 (h) 5801 (L) 5976 (&) 6537 (k) S9L6
143 () 3540 (hg 3410 (%) 3390 (4) 3790 (k) 3500
208 (4) 1995 (L4) 19h5 (k&) 180k (L) 2150 (k) 1972
301 (5) 8161 (5) 802k (5) 7951 (5) 9567 (5) 8671
1.2. 438 (5) 2357 (5) 2316 (5) 2593 (5) 3601 (5) 3150
1.78 650 (6) 6623 (6) 6hos (6) 9611 (5) 1sh2 (5; 1312
2.60 (6) 3466 (6) 3383 (6) 5728 (6) 8L51 (6) Thé3
3.80 (6) 2uh5 (6) 2435 (63 3959 (6) 4593 (6) Lué9
5.58 (6) w92 (6) 1957 (6) 2894 (6) 2kl (6).2790
8.18 (6) 112k (6) 1726 (6) 2331 (6) 1710 (6) 2123
12.0 (6) 1579 (6) 1562 (6) 1960 (6) 1Lk (6) 1821
17.6 (6) 1ho5 (6) 1377 (6) 1620 (6) 1253 (6) 1567
25.7 (6) 1198 (6) 1168 (6) 1280 (6) 1049 (6) 1299
Continued




TABLE 8 (Cont'd)

Decay of Normsl Fission Products From U235I1 U238 ana pu239
5. r/hr at 3 ft above an infinite plane for 10" fissions per sq ft.

Age U232 - 238 ' Pu239
Years Days Hours Thermal Fission (8 Mev) Thermal Fission

0.763 (8)9977  (8)9970 (8)9329  (8)8907  (8)8750

1.12  (8)6648 (8)6632 (B8)6L72 (B)5866  (8)576L

1.64  (8)iakg  (8)k153  (8)3827 (8)3592  (8)3537

2.50  (8)2k53 (8)2u8L  (B)2256 - (B8)2071L  (8)2065

3.52  (8)1k10 (8)1h50  (8)1303 (8)1L66 (8)1196

5.16 (9)879  (9)848 (9)7582 (9)66k2  (9)7098

7.56  (9)h4786 (9)501k  (9)us87  (9)3986  (9)4398

11.1 - {(9)206h  (9)309k  (9)2897  (9)2555  (9)282l

16.2  (9)180k  (9)1869  (9)1792 © (9)1626  (9)1T6L

23.8  (10)9716  (9)109k  (9)1073 (9)1010  (9)1063

1.45 3h.8  (10)6305 (10)6k28 (10)6393 (10)6235 (10)6360

2.13 51.1 (10)3730 (10)3786 (10)3817 (10)3869 (10)3811

3.12  7h.9  (10)2276 (10)2319 (10)2365 - (10)24TO0 (L0)2362

h.s7 (10)1483  (10)152k - (10)1556 (10)16h5 (10)1546

6.70 (11)9986  (10)1031 (10)1039 (10)1099 (10)1021

9.82 (11)677%  (11)6972 (11)6899 (11)72bhk (11)6655

bk (11)4ho0  (11)4587 (11)hb62 (11)L650. (11) k226

21.1 (11)2010  (11)29k0 (11)2B845 (11)2953 (11)2660

30.9 (11)1813  (11)1807 (11)1762 (11)1837 (11)1645

45.3 (1131061  (11)1039 (11)1034 (21)1092 (12)977T7

66.4 (12)6055 (12)5807 (12)5910 (12)6360 (12)5728

97.3 (12)3676 (12)3497 (12)3559 (12)3896 (12)3543

143 (12)2170  (12)2090 (12)2079 (12)2320 (12)2200

2008 (12)115%  {(12)116% (12)1133 (12)1287 (12)1180

301 (13)u87%  (13)4790 (13)4733 (13)5707 (13)5170

1.2 438 (13)1399  (13)1373 (13)1525 (13)2135 (13)186h
1.78 650 (1b)368L  (1k)3758 (14)5517 (14)9083 (14)7690
2.60 ‘ (14)2031  (14)1975 (14)3160 (1L)ho6h (1h)h352
3.8 (1hyishh  (14)1k32 (1h)2213 (1h)2692 (1k)2s59%
5.58 (1)aash  (14)1158  (14)1603  (14)1hk2 (14)1611
8.18 (14)1026  (14)1021 (14)129L (15)9971 (14)1225
2.0 (15)9432  (15)9293 (14)109k (15)8452 (14)1057
7.6 (15}8310  (15)8211 (15)9164 (15)7377 (15)91€0
5.7 (15)7183  (15)6987 (15)7k31 (15)6219 (15)7668
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nuclide decay schematics) are the mass chain yields and the indep-
endent yields of the isotopes in the chain. For times after fis-~
sion of gbout 1 hour and greater; the Bolles-Ballou calculationsl3
show that the difference in the total disintegration rates based

on Present’s yleld theory from those based on Glendenin's postulate
is insignificant. This is due to the fact that at these times after
fission most of the chains have decayed to the last one or two active
merbers from short-lived early members. The displacement in the
curves of Figs. 3, 4, and 5 from 1.00 are therefore due to differ-
ences in the chain yields. The curves show that for times between
about 1 hour and 1 year, the maximum error in the icnization rate
by use of the date for thermal neutroi. fission of U<3? would be

~ about 15 %. The error in the integrated dose for any time period
would be less.

The H+1 ionization rates at 3 feet above an infinite smooth

contaminated plane for & unit yield distribution of fission pro-
ducts per unit area are summarized in Table 9. The highest value

TABLE 9

Summary of H+l Ionization-Rates Per Unit Yield Per Unit
Area, for 3 Feet Above an Infinite Smooth Contaminated Plane

‘Type of Fission ' H+1l Ionization Rate

(Unit Yield/Unit Area)
(r/hr at 1 hr)/ {r/hr at 1 hr)/
(fiss/sq ft) (KT/sq mi)
U23%. (thermal) 7.60 x 10713 3950 )
U235 (rission) 7.58 x 10713 39h0
U238 (8 Mev) 6.94 x 10-13 3610
Pu239 (thermal) 6.70 x 10-13 3480
Pu239 (fission) 6.54% x 10-13 3400

is for the thermal neutron fission of U235; the lowest is for
fission-neutron fission of Pu?39. The same value, 1.45 X 1023
fissions/KT, vas used to convert all the rates from fissions to
kilotons. The corresponding ionization rate factor derived from
ENW is (1240 r/hr at 1 hr)/(KT/sq mi) or about & factor of 3 lower
than the values of Table 9. Other authors have made similar cal-
culations and comparisons of these factors and the decay curves
for the thermal neutron fission of U235.31,32,33,3k
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SECTION T

CALCULATION OF THE DISINTEGRATION RATE, AND AIR IONIZATION
nA§§ FROM FRACTIONATED FISSION FPRODUCTS OF U“J/; U“J‘, AND
CONDENSED WITHIN PARTICLES OF AN IDEALIZED CARRIER

MATERTAL

The properties of the idealized carrier material given in
Section 2 were that (1) it did not form compounds with the fission
product clements or oxides, (2) it dissolved them as stable oxides,
(3) and that it had a melting point of 14O0®C. The last two pro-
perties are somevwhat similar to those of some common s0il minerals.
The selection of the first two properties was made so that a sample
calculation of the condensation process could be made by use of the
theory utilizing Henry's law of diiute solutions. The process was
further idealized, by necessity due to the fact that no values of
Henry's law constants were directly available, by the use of Raoult's.
law of perfect solutions; the latter idealization involved setting
Henry's law constant equal to the equilibrium partial pressure of
the gaseous species of each element over its own oxide.

The stipulation of the melting temperature is sufficient for
computation of the Raoult's law constants from the data of Table 1;
these are given in Table 10. The oxygen pressure was taken to be
1 atmosphere as a substitution for the total pressure. The fact
that some of the oxides show larger pressure than the rare gases
is partly due to the neglect of the difference in heat capacities
in the use of the simplified vapor pressure equation at temperatures
beyond its range of validity. It was pointed out earlier, however,
that errors due to this over-extrapolation would not influence the
fractionation computation since the amount condensed of the elements
with high vapor pressures would be essentially zero and not sensitive
to the exact value of thelr vepor pressures.

If no carrier material would be present in the fireball along

with the fission product elements, or if they were all in the wvapor
state when the temperature is 1400°C, their partial pressures can be

95




TABLE 10

Summary of Raoult's IL.aw Constants for the Oxides of Fission
Product and Other Elements at 1673°K

Element  kj (atmos) Element ky (atmos)
Cu 7.% x 107° Pa 8.7 x 10-7
7n 5.5 x 10~D Ag 2.9 x 10-3
ca 8.5 x 10-4 ca 0.12

Ge 0.229 In 9.6 x 10=2
As 2.6 x 103 Sn . T7.2x 107
Se 8.7 x 10% Sb 0.339
Br 1.05 Te 4.17

Kr 5.6 x 103 I 2.09

Rb 1.20 Xe L.9 x 103
Sr 1.3 x 10-8 Cs 3.2k

Y 6 x 10~ Ba 5.0 x 10-T
7T 2 x 10-1k 1a 2 x 1015
b 1.6 x 10°7 Ce 8 x 10-13
Mo 3.63 Pr 1 x 10-1k
Te 9.6 x 103 ¥d 3 x 10-1k
Ru 1.1 x 10-3 Pm 2 x 10~13
Rh 9.3 x 10-7 v 2.2 x 1072




v

estimated from the perfect gas law using V, as the volume and using

the yield factor of 0.5 moles of fission products produced per KT.

The partial pressures are summarized in Table 11 for some of the

more sbundant fission product elements as given by Bolles and Ballou.l3

TABLE 11

Calculated Partial Pressures and Equilibrium
Partial Pressures of Some of the More Abundant Fission
Products Dispersed Uniformly in Vy at 1673°K for a
Fission Yield of 2.3 MT :

e ——
—————

Element Percent No. Partisl Partial Pressure

of Atoms at Pressure Over Oxide
1 min in Volume : (atmos)

(10“9.atmos)

Rb .5 h.o 1.2 (1)®

Cs '5 h.2 3.2 (1&

Sr 8 . 6.7 1.3 x 10-9(s) _
Ba, 7 5.8 5.0 x l-"7§s) -
la 4 3.3 2 x 10-15(s)

Ce 6 5.0 8 x 10-13(s)

Sb b 0.84 0.34 (12

Zr 8 6.7 2 x 10-14(s)

Nb 6 2.5 1.6 x 10-7(s)

Mo 8 6.7 3.6 (1)

Te 6 5.0 h.2 (1)

a. 8 for solid, 1 for liquid.

Of all the elements listed, only la, Ce, and Zr would have condensed
to & solid state at this temperature. The renainder would do so only
at lower tenperatures. Use of the equations of the variation of the
gas volume, tempersture, and percent abundance of each element with
time could be made to estimate the times that condensetion would
begin for esach. This computstion, 1f other vaporized materials

(bomb casing, soil, etc.) were included, could be made to obtain

more information about the formatlon of vapor-condensed particles

in the early stages of the whole fallout formation process.

In computing the amount of each mass chain that condensed in
the liquid soll, use was made of Eq. 29 to calculate the condensation

97




[T

"R" factor with reference to the number of fissions. The computation
of ro(A) by use of the Bolles-Balloul3 values of the independent yields
for both Present's and Glendenin'’s yield theories is illustrated for
masses 89, 90, and 140 in Table 12; the value of kg was determined

by dividing the values of kj in Teble 10 by 0.0364% For nuclides
other than the end numbers of the chain, the accumulated sum of the
y1(A)/(1+kS) terms up to the indicated chain number, divided by the
accumulated percent yield of the chain, gives the rg(A) value for

that nuclide. This converts the partial sums to fractional multi-
pliers for each nuclide in the chain.

The most exact method of computing the amount of each radioc-
nuclide present (and its activity) for a given number of fissions
would be to use the velue of yj(A)/(l+k ) for each and the approp-
riate decay formula for the production &f the daughter products.

But to simplify the computation process, the calculations were made

by direct multiplication of the r,(A) values and the single nuclide
d/s values per 10% fissions and r/hr values per 10% fissions/sq ft.
Although this procedure gives higher values for the daughter products
in cach chain, the error decreases with time. Compsared to other '
possible errors involved in the computation, the error due to this
approximation ig rather insignificant. For example, the initial
fraction for 5r8 is 0.010 which ‘increases, after RbC9 decays out,

to 0.0183; in the exact method of computation, the latter value is "’
reached by 2.40 hr. The ro{90) value, for 5r90 is valid from 31.2
minutes and the ro(140) value for Bal*0 is essentially valid at

60 seconds. :

The r(A) values for all the radionuclides used in the computa-
tiong are summarized in Table 13 for Loth the Present and Glendenin
independent yield theories as calculated by Bolles and Ballou.l3
For more than half of the nuclides, the r_ (A) values from the Glendenin
distributions are larger. The computed r?A) values relative to mass
99 for some nuclides_of interest are: Sr89, 0.0232 and 0.0200; 5r90,
0.195 apd 0.193; 1131, 0.91% and 0.108; ¢s137, 0.00408 and 0.00455; -
and Bal"%0, 0.517 and 0.574. 'the r (A) values indicate that about
85 percent of the total Sr90 formed (for the 2.3 MT yield surface
burst) would be condensed on (small) solid particles during the
second pericd of condensation along with about 99 percent of the
08137 and its daughter, Bal3TM. gome fraction of these amounts
would presumably be soluble and biologically available after the
particle reached the earth's surface. -

The results of the decay computations in d/s per 10% fissions
and r/hr per 104 fissions/sq ft are given in Table 14. The ioniza-
tion rates for the Glendenin ylelds are plotted in Fig. 6, with the
curve for normal fission products from thermal fission of U235. The
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TABLE 13

Swmary of r,(A) Valuss at 60 Seconds After Fisalon for Fission Product Nuclidea That Contribute
to the Grass Activity at 45.8 Minutea After Fission

0.998

100

100

1-00

Nuelide zof) Nuclide To(A) Nuclide ro(A) — rofA)
Fresent  Glendenin Prevent Glendenin Fresent Glendenin Precent Glendanin
" T
znl? 0.998 0.998 Wb, 95 1.00 1.00 spl23 6.998 0.998 cel,B 0.990 0.991
7ol 0957  0.998 w9 1.0 1.00 126 0.967 0.975 C"m 1.00 1o
a2 0.997  0.998 st 1.00 %00 si? o0.902 0.9, cems o -
a3 o.08¢ £.086 m6 1.00 1.00 spl28 0.109 0.111 C‘HG 1-00 1.00
Ga £.985 £.086 £a 1.00 1.00
calt. 0.990 0.993 Mo99 0.789 0.765 Shﬁ?. 0.0973 0.097h s
TS 0.600  0.649 Mol®l  0.0396  0.0410 s 0-0970 0.0370 P,.lloh 1.0 i.co
el 083 0.203 Mol®? 0.1 0.0021 10,125 0.998 0.998 F 1.00 1.00
78 : . re 71 0.902 097 priks 1.00 1.00
Ge 0.50  0.142 % 0.78 0.765 el ’ : pypll6 1.00 1.00
*asTT 0as 0.1 Ol o.03835  0.0853 teal?  0.902 0.947 '
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Fig. 6 Air Ionization Rate at 3 ft Above a Smooth Infinite

Plane Uniformly Conteaminated With Fractional Fission Pro-

ducts From 10k Fissions/sg £t, in Melted Fallout Particles
From & 2.3 MT Yield Surface Detonation. Rates for normal

fission products from thermal neutron fission of U235 are

glven for comparison. ’ :

A,B. Hours after fission

C,D. Days after fission

E,F. Years after fission
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gross fission product "R" factor, re,, which is defined as the ratio

of the ionization rate for the fractionated products to that for

the unfractionated products from thermal fission of U235 is given

in Fig. 7. Up to about 5000 hrs (200 days), the differences in the
velues for the different types of flsséon are not large. At

l r after fission, the rpp values for U230 (8 Mev), U235 (fission)

range from Q. 87 to 0 40. The minimum at about 150 hrs is where

1131 and pallO.1al40 are in high abundance and the maximum at

about 3500 hrs is where Zr99-Nb95 are in high abundance. The

large ro., values after 10,000 hrs for Pu239 (fission) is due to

the larger yields of some of the rare eayth nuclidaes.

The decay curves were calculated only for radionuclides-dissol-
ved in liquid soil particles and therefore apply only to & group of
particles in the fallout of a given size range (say, those that.
separated from the fireball between about 50 and TO seconds after
burst). The rgp values for smaller particles would generally be
larger and even approach values that are the inverse of those
showm in Fig. 7. The rgp vAlues for the world-wide fallout might -
approach 1 minus the rfp values of Pig. 7.

The differences in the d/s and r/hr rates between those based
on Present's theory of yleld and Glendenin's are insignificant.
The caslculations for both sets were made because, when the conden-
sation<process is considered, the later decay rates are very much

~ dependent on the independent nuclide yields present at the time

of cessation of the first phase of the condensation process. Thus
it appears that, for yields in the MI yield range and for soil

melting at temperatures below 2000°K, the gross decay of the frac-

tionated fissions is not sensitive to, the differences in the inde-
pendent nuclide yields from the two thecries. It would be expected,
however, that the differences in the gross decay curves would in-

‘creasé somevhat as the yield decreased and tie soil. meltlng poxnt
‘1ncre&seu‘

The H+l air ionization rate in units ¢f KT's per square mile
for the various types of fission for the.2.3 MT surface burst are
listed in Table 15. These values cannot be directly applied to the
fraction of a weapon per unit area that produces a given radiation
intensity as would be measured with a survey meter three feet above
an extended flat contaminated area. First, some induced activities

will be produced; if only the production of U239-Np239 is considered, 3

a yleld of 1 atom U 239 per fission would increase the above values
by 0.34 X 10-13 (r/hr)/fission/sq £t) or 180 (r/hr)/{KT/sq mi).
Second,; a Co% calibrated survey instrument, with operator, will
give a meter reading at 3 ft above the surface about 25 ¢ lower
than the true air ionization rate.20 Third, & real surface ig not
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TABLE 15

Air JTonization 3 ft Above the Surface at H+l for Unit
Yield ¥allout Distributions on an Ideal Plane, for
Fractionated Fission Products From a 2.3 MT
Surfece Detonation

Type of Fission Air Ionization
(Unit Yield/Unmit Ares)
{r/br at 1 hr)/  {r/hr at 1 hr)/

(fiss/sq £t)2 (KT/sq mi)2

U235, thermal 3.00 x 10-13 1,560
neutron

U235, fission 2.96 x 10-13 1,540

. aeytrons

U23°%, 8 Mev 2.85 x 10~13 1,480
neutrons

Pul39, fission 2.92 x 10713 1,520
neutrons '

a. Q(lendenin's Postulste.

smooth so that ectuel air ionization at 3 ft sbove the surface will
again pe less than that given in Table 15. TIf the terrain rough-
ness wersa fuch 85 o reduce the lonization rate by 20 %, the com-
bination of the three factors would give sbous 1000 (r/hr)/(KT/sq mi)
as_the "observed"” value of the ratio for 8 Mev neutron fission of

f_U23 . Unfortunately, this conversion factor between r/hr and KT/

sq mi will not be constant over the whele region of heavy fallout.
At further downwind distances where the fractionation would- be less,
the observed conversion factor may approach or even exceed the

value, (3610 + 180) X 0.6, or 2270 (r/hr)/(KT/sq mi) for the y230

(8 Mev) fission. Even with fractionation, the values in Table 15
are higher than the factor derived from ENW14 (1240 r/hr/(KT/sq mi))-
However no specifications as to yield and type of detonation are
given for the information in ENW; hence the value from that refer-
ence is more appropristely associated with the data of Section &

even though its numerical value is much nearer to those given here.

The factors given in Table 15 do not have the precise relation
to fissions or KT's the way the factors given in Section 6 for nor-
mal figsion products do. The original mixture of fission products
which is directly related to the yield has been altered in many
ways. It 1s possible to compute the values in Table 15 because

11k




the fraction of each nuclide produced and coendensed has been calcu-
leted on the basis of the original fission yield. In an experimental
evaluation ef the factor, the yield representation of & square foot
cf fallout contamination is unknown. A representation can be made

to some degree &7 accuracy by a radiochemical analysis of the fall-
out material and a measursment of the air ionization rate (corrected
to H+l or other reference time). The selection of the radionuclides
for analysis should depend on some knowledge of the type of particles
_ present. For the types of particles represented by the calculations
given here, an analysis that gave the abundence of the radionuclides
with ro(A) values of 1.00 (see Table 13} should give the same valus
of the factor as discussed for those in Table 15. It may be noted
that Mo99, for the conditions of these caleulations, would give -
factors that are 27 to 31 % high. . In the real fallout where a
mixture uf particle sizes and types are present, it would appear
that the selection of the appropriate radionuclides and their .

yield represertation should depend on other factors than the -
originalmass chain yleid and its chain decay characteristics.

Appfoved by:
%o, A

EUGENE B. COOPER
Associate Scientific Director
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From: Comnanding Officer and Director
To: Dis“ribution for Technical Report USNHDI~TR-425

’—./’
-
o
-— . . :
. Subj: U, 3, Naval Radiological Defense Lahoratcry Report USNRDL~TR~425
—
/
/
-

enitled "R Theory of Formation of Fallout from Land-Surface Ruclear
Detonations and Decay of the Fission Products® by C. F. Miller;

graba for
1., Tt ic requested that the following corrections be made in subject report:

p- iv - last pa|:|:°atgz‘aph2 Sirst sentence, aid "gre presepted" after
®fission of Pu<37."

p. 11 - Equation i1 is to read as follows: BT/np/p, = {%’M
p

k
Pe 15 = Equation 21 is to read as follows: ng = TTRJ%JI__
) - n(l)/V)RT

NDe 27 - Eguation 70 is. to read as follows: A -~Vp8
| By I et 7
o1+ B

Pe 32 - line 3 reads: *Combining Bqs. 57 and 58 gives®
Change to read "Combining Eqs. 74 ard 75 gives"

Pe 45 - line 1 - correct typographical error in spelling of word
®expansion® ) '

p. 46 ~ line 8 reads "Substituting Eqs. 103, 104, and®
Chenge to read "Substituting Egs. 103, 105, and®
p. 49 - line 23 reads "then T, from Eq, 112 is”

Change to read ®then T, from Eg. 123 1s"

p» 50 - Equatiorn 131 closes as follows: /tg
"10490
t dt

tm
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Subj: U. S. Navsl Radiological Defense Laboratory Report USNYL-TR-425
entitled "& Theory of Formation of Fallout from Land-Si:face Rurlear

Detonations and Decay of the Fission Products® by C. F, ¥iler;
errata for ;

| ke
Change this portion of the equation to read as follows: -1.590
t dt

it
P 58 - footnote ** reads ® . . ..} determined from nq. 21"
Change to read ® . . . .4 determined from Eq. ;,,211- |
P. 63 ~ line 14 reads "of Pat for Eq. 176, is".
Change to read ®of Pdt for Eq. 177, is®
Pe 64 - last line, add ™so that® after ®per molecule"
Pe 66 ~ line 14 reada ™. . . o; for other yields Eq, 178"
Change to read ®* . . , ,; for other ylelds Eq. :m"
p. 98 - third paragraph, seventh line reads " . . . .;.1131,
0.9 and 0,108% ,
Change to read ® , . , ; 113 Q.@;éandOlOf-

T il

7. J. MATHENS
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